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PREFACE

The work described in this report was conducted for the US Army Engineer
District, Louisville, by the Structural Mechanics Division (SMD), Structures
Laboratory (SL), and the Computer-Aided Engineering Division (CAED), Informa-
tion Technology Laboratory (ITL), US Army Engineer Waterways Experiment
Station (WES). The investigation was authorized by DD form 448, MIPR No. RM-
B-90-375, dated 5 January 1990. The technical report resulting from this
investigation is published in two volumes.

The investigation was accomplished under the general supervision of
Messrs, Bryant Mather, Director, SL; James T. Ballard, Assistant Director, SL;
Dr. Jimmy P. Balsara, Chief, SMD; and Dr. N. Radhakrishnan, Director, ITL, and
under the direct supervision of Dr. C. Dean Norman, SMD, and Mr. H. Wayne
Jones, CAED. This report was prepared by Mr. Anthony A. Bombich, Concrete
Technology Division (CTD), SL, Ms. Sharon Garner, SMD, Dr. Norman, Mr. Chris
Merrill, CAED, Mr. Barry Fehl, CAED, and Mr. Jones. The authors acknowledge
Mr. Michael Hammons, CTD, for his assistance during this investigation and
Mr. Byron McClellan, CEORL-ED-A, for his support and encouragement in perform-
ing the work described in this report.

At the time of publication of this report, Director of WES was

Dr. Robert W. Whalin. Commander was COL Leonard G. Hassell, EN,
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-Si units of measurement used in this

(metric) as follows:

report can be converted to SI

Multiply By To Obtain
Btu (International Table) per 4,186.8 joules per kilogram
pound (mass) . degree kelvin
Fahrenheit
Btu (International Table) 20.7688176 watts per metre kelvin
inch per hour . square inch .
degree Fahrenheit
Calories per gram 4.184 kilojoules per kilogram
Fahrenheit degrees 5/9 Celsius degrees or
kelvins*
feet 0.3048 metres
inches 25.4 millimetres
kips (force) per inch 1.213659 kilonewtons per metre
miles per hour (U.S. statute) 1.609347 kilometres per hour
pounds (force) per square inch 0.006894757 megapascals
pounds (mass) per cubic inch 27,679.899 kilograms per cubic metre
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre

* To obtain Celsius (C) temperature reading from Fahrenheit (F) readings, use
To obtain Kelvin (K) readings, use

the following formula:
K= (5/9)(F-32) + 273.15.

C = (5/9)(F-32).




Nonlinear, Incremental Structural Analysis
of Olmsted Locks and Dam

PART 1: INTRODUCTION

Background

1. In September 1989, the U.S. Army Engineer Waterways Experiment Sta-
tion (WES) was asked by the US Army Engineer District (USAED), Louisville, to
conduct a nonlinear, incremental structural analysis (NISA) for the Olmsted
Locks project. The Olmsted project was authorized for construction by the
Water Resources Development Act of 1988 and is to be constructed at mile
964 .4% of the Ohio River (rignt bank). The lock is designed as a W-frame
structure, founded on piles, with two parallel lock chambers of approximately
110-ft width and 1,200-ft length. Since the Corps of Engineers has had no
experience in constructing mass concrete structures of this type (i.e,
W-frame), the USAED, Louisville, emphasized that the NISA should focus on
defining and evaluating potential construction problems that might be encoun-
tered. Guidance in the form of Engineering Technical Letter (ETL) 1110-2-324,
"Special Design Provisions for Massive Concrete Structures" (Headquarters,
Department of the Army, 1990), is provided to assist in this determination.
ETL 1110-2-324 provides a rational, conservative, systematic NISA approach
that will ensure safe, cost-effective, and durable structures are designed for
construction.

2. Contents of this report include an introduction provided in Part I,
a presentation of material parameters in Part II, a Phase I NISA study in Part
ITI, ad a Phase II NISA study in Part IV.

Objectives

3. The objectives of this study are to utilize ETL 1110-2-324 guidance
to ensure a conservative NISA that will address the following:

a. Define and evaluate potential construction problems that might
be encountered in constructing the pile-founded, W-shaped lock.

* A table of factors for converting non-SI units of measurement to SI
(metric) units can be found on page 3.




b. Define and evaluate materials and construction procedures which
will lead to a cost-effective, durable, and safe structure.

¢. Identify areas that may potentially, if further studied, result
in construction cost savings.

d. Determine initial states of stress for earthquake analyses.

Scope

4. To meet the objectives of this study in a timely manner, it was
necessary to develop, using sound engineering judgement, a rational approach
to reduce the number of analyses required for this NISA study. Consequently,
a two-phased approach was conceived to fulfill this requirement and to perform
the NISA study. The Phase I NISA used concrete material properties determined
by standard methods for the two selected mixtures for two-dimensional (2-D)
analyses to evaluate the two proposed placement methods. Limited three dimen-
sional (3-D) and 2-D out-of-plane analyses was also performed to verify
results of these 2-D analyses. A final set of NISA's, using guidance from ETL
1110-2-324 (Headquarters, Department of the Army, 1990), were then performed
with placement parameters identified in Phase I. 1In addition to load cases
specified in ETL 1110-2-324, a load case consisting of assumed maximum bounds
for creep, minimum bounds for shrinkage, and average aging modulus and adia-
batic temperature curves, along with gravity and service loads, were performed
using both concrete mixtures. Results of the Phase II NISA were then used to
verify that the Phase I results were bracketed. This step validated the use
of the Phase I analyses to reduce the number of parameters unique to this

study and still provide conservative results in the Phase II NISA.




PART I1: MATERIAL PARAMETERS

Ceneral

5. To effectively model the response of the concrete during the con-
struction process, several material parameters must be provided by the user in
the heat transfer and stress analyses. These parameters are of two types:

(a) constants, which are included in the input files for the analyses, and
(b) time-dependent functions, which are supplied as algebraic functions of
time or as data arrays in ABAQUS user subroutines (Hibbitt, Karlsson, and
Sorenson 1988). The time-dependent properties that are required by the DFLUX
and UMAT subroutines are briefly discussed. For a more in-depth discussion

see Garner and Hammons (1991).

Concrete Mixtures

6. The design and selection of the concrete mixtures used in the incre-
mental construction =»nalyses is described by Hammons and et al. (1991). A
matrix of 12 mixtures was developed to cover the range of expected combina-
tions of water-cement (W/C) ratio and fly ash (F/C) replacements for field use
and to make use of both Class F and Class C fly ashes. Of these 12 mixtures,
mixtures 6 and 11 were determined to be the most likely mixtures used in con-
struction and, therefore, were chosen for use in the analysis.

7. F/C replacement and W/C ratios for the two mixtures are given in
Table 1. Mixture proportions are given in Table 2. Mixture proportions
listed are for the mass concrete mixtures planned for use in the majority of
the structures. In very narrow sections, such as culvert walls, maximum
coarse aggregate size will be limited to 1-1/2 in. The effects of this limi-
tation on concrete properties will be discussed in Part III of this report.

8. The cement used was a Type II, moderate, heat of hydration
(<70 cal/gm), low alkali American Society for Testing and Material (ASTM) C
150 (ASTM 1990) portland cement. Mixture 11 used a Class C fly ash and mix-
ture 6 used a Class F fly ash per ASTM C 618 (ASTM 1990). Fine aggregate was
a natural river sand with a small amount of filler sand added to make up for a

deficiency in fines. All coarse aggregates were limestones.




Table 1
Concrete Mixtures
W/C ratio F/C ratio
Mixture {by mass) {by volume)
6 0.40 0.40
11 0.45 0.50
Table 2

Mixture Proportiong

Ve e e Cubic Yar tc b
Material Mixture 6 Xtu
Type 11 portland cement 215.9 159.0
Class C fly ash c.o 133.7
Class F fly ash 107.4 0.0
Fine aggregate 998.3 1,025.3
Coarse aggregate 1,231.8 1,235.5
(3/4-in. maximum)
Coarse aggregate 5461 547.9
(1-1/2-in. maximum)
Coarse aggregate 695.0 697.4
(3-in. maximum)
Filler 76.0 78.1
Alr-entraining 13.6 8.5
admixture, oz
Water 144.0 143.0
Thermal Properties
9. The heat transfer capability of ABAQUS uses the finite element
method to numerically solve the governing differential equation
- ol
VTkVO + Q = PCo3g (1)

where

9(X,y.z»t) ~
(x,y,z) at time t

thermal conductivity
applied heat flux
density

specific heat

the temperature at a point described by the coordinates




The necessary material parameters, therefore, are the density, thermal conduc-
tivity, and specific heat of each material, and a mathematical description of
the applied heat flux generated by the concrete.
Concrete thermal properties

10. Thermal properties for the concrete mixtures simulated in this
study were based upon the results of tests to yield specific heat, thermal
conductivity, density, and coefficient of linear thermal expansion which were
conducted at WES for Olmsted mixtures 6 and 11 (Hammons et al. 1991). 1loe
different concrete mixture tests were conducted at a single test age of
28 days on the assumption that the necessary thermal properties for a given
mass concrete mixture did not vary with age. This assurption was verified
during an earlier study (Hammons, Smith, Neeley 1990) where the results of
tests conducted at ages of 3 and 28 days showed negligible differences. The

results used as input to ABAQUS are shown in Table 3.

Table 3
Concrete Thermal Properties Used in ABAQUS

Properties Mixture 6 and Mixture 11
Density, lb/in.? 0.08449
Specific heat, Btu/lb - °F 0.22
Thermal conductivity, 2.24
Btu-in./day-in? - °F
Coefficient of thermal csxpansion, 4.0
millionths/°F

Adigbatic temperature rise
11. The applied heat flux supplied by the heat of hydration of cementi-

tious materials in the concrete mixture is given by the adiabatic temperature
rise of the mixture. The adiabatic temperature rise for each concrete mixture
is described by a curve that represents temperature rise of a concrete speci-
men as a function of time where no heat loss or gain is permitted. Adiabatic
temperature rise tests were performed at WES for concrete mixtures 6 and 11
{Hammons et al. 1991). These adiabatic curves were input into ABAQUS through
the subroutine DFLUX as a set of temperature-time datum arrays. The adiatatic
curves used in the heat transfer analyses in the DFLUX sithroutine are shown in

Figures 1 and 2.
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Foundation thermal propertjes
12. The initial foundation information provided by the USAED, Louis-

ville, specified that the top 5 ft of soil underlying tiie structure is to be
removed and backfilled with a selected foundation material. The soil underly-
ing the backfill was specified as McNalry zone 1 clay. Three potential foun-
dation materials were considered for the backfill including no. 57 limestone,
compacted river sand, and quarry-run limestone. Specific selection of the
backfill material to be used for construction was not made during this inves-
tigation. Since thermal properties of the candidate foundation materials were
not available, it was necessary to estimate these properties. The backfill
material which thermally represented the worst case was to be used. USAED,
Louisville, provided physical properties of these materials which included dry
density, moist density, moisture content, void ratio, and percent saturation
in a moist condition to assist in determination of the thermal properties.
These data are shown in Table 4.

13. The initial temperature distribution in the foundation is based
upon the results of a heat transfer analysis of a 20-ft typical soil column.
"he scenario for preparation of the foundation and its configuration is
described as follows. Prior to concrete placement, the soil is to be
dewatered to a depth of 6 ft. The top 5 ft of soil is to be excavated and
backfilled with the selected foun'ation material. Dewatering could either be
terminated after the first 1ift in the structure is placed, at which time all
the soil would become saturated, or it could be continued throughout the con-
struction period.

14. The procedure for selecting the backfill material to use involved
first estimating the thermal properties of the candidate materials. Then
through a series of thermal simulations of placement of the lock floor, the
material producing the worst case thermally was determined. The first step in
estimating the thermal properties of the foundation materials was to check the
physical properties provided for consistency against the equations for three-
phase composition of soils. Since inconsistencies existed, corrections and
modifications were made with the concurrence of USAED, lLouisville. Table 35
shows the physical properties assumed in this investigation.

15. Thermal properties for the foundation materials were calculated
from the corrected physical properties using equations developed by Kersten
(1949). Kersten'’'s equati~ns allow the computation of thermal conductivity and

specific heat as functions of soil texture and physical properties.

10




Table 4
operties vide or Foundation Mate
Neo, 57 Compacted Quarry-run McNairy Zone
Limestone River Sand Limestone 1 (clay)
Qr-5' 0'-5' 0’'-5" 5'-20'
Wet density, pef 110.0 130.0 120.0 117.0
Dry density, pcf 105.0 115.0 109.0 90.6
Void ratio 0.30 0.43 0.35 0.80
Moisture content, 5.0 15.0 10.0 28.0
moist (percent)
Percent saturation, 5.0 95.0 25.0 95.0
moist (percent)
Range of particle 1/4"-1" dust to #4 dust to 6" fine

sizes

16. The insitu specific heat, (c,.) Was computed using the equation

o = 100 ¢y, + Moisture Content 2)
wet © 7100 + Moisture Content

for each foundation material. Values of dry specific heat (cq4.) for each
material were obtained from Kersten (1949), and moisture contents for each
material were taken from Table 5.

17. Thermal conductivity for the foundations materials were computed
from two equations by Kersten. The equation used for No. 57 limestone, com-
pacted river sand, and quarry-run limestone was calculated using Kersten's
equations for sandy soil with less than 50 percent silt or clay content.

This equation is
kyee = [0.710g (Moisture Content) + 0.4]10° %Par (3)

The equation used for computing the thermal conductivity of McNairy zone 1

clay is
kv = (0.910g (Mpisture Content) + 0.2]10° °1Per (4)

where thermal conductivity corrected for moisture content, k.., is in Btu-

in/hr-in®-°F and the dry density, pg,, is in 1b/ft’.

11




Table 5

sical Prope es Used fo oundation Mate

McNairy
No. 57 Compacted Quarry-run Zone 1
Limestone River Sand Limestone (clay)
0 -5 ft 0 -5 ft 0 - 5 ft 3 - 20 f¢t
Dry density 105.0 115.0 109.0 90.6
(pef)
Solid density (166 .0)* 164.4 (166 .0)* 162.4
(pcf)
Wet density 110.0 132.8x% 120.0 117.0
(pef)
Saturated 127.9*% 133.8% 130.5% 118.0%*
density (pcf)
Void ‘ratio 0.581*% 0.43 0.523% 0.80
Porosity 0.367*% 0.30%* 0.343% 0.646%
Percent 22 .9* 95.0 51.0% 95.0%
saturation,
moist condition
(percent)
Moisture 5.0 15.4% 10.0 28.0
content,
moist condition
(percent)
Moisture 22.8 16.2 19.6 30.6
content,
saturated
condition
{percent)
Range of 1/4 to 1" dust to #4 dust to 6’ fine
particle
sizes

* Computed or corrected at WES
** Test results from Olmsted limestone coarse aggregate at WES

18. Table 6 shows the computed thermal properties for the three candi-
date backfill foundation materials and McNairy zone 1 clay at natural moisture
and saturated states. Also shown are physical properties to describe the
condition and all input values used for computing the thermal properties. All
thermal properties listed are shown in units consistent with their use in

ABAQUS .

12




Table 6

a 1o s _of ndatio

te

with Input to ABAQUS (Physical Properties Included)

l1s in

t

McNairy
No. 57 Compacted Quarry-run Zone 1
Limestone River Sand Limestone {clay)
Dry condition:
Density, pqry. 1lb/in.3 0.06076 0.06651 0.06308 0.05243
(lb/fe3)*” (105.0) (115.0) (109.0) (90.6)
Specific Heat™, c4.y, 0.226 0.18 0.226 0.21
Btu/1lb - °F
Moist (wet)
condition:
Moisture content, 5.0 15.4 10.0 28.0
percent
Saturation, percent 22.9 95.0 51.0 95.0
Density, pyee. lb/in.3 0.06366 0.07685 0.06944 0.06771
(1b/£e3) (110.0) (132.8) (120.0) (117.0)
Specific heat, c,q, 0.263 0.289 0.296 0.383
Btu/1b - °F
Thermal conductivity, 1.663 2.878 2.250 1.480
Kyet, Btu-in/day-in2-°F
Saturated condition:
Moisture content, 22.8 16.2 19.6 30.6
percent
Saturation, percent 100.0 100.9 100.0 100.0
Density, 1lb/in.3 0.07402 0.07743 0.07552 0.06829
(1b/fe?) (127.9) (133.8) (130.5) (118.0)
Specific heat, c.,, 0.37 0.294 0.353 0.395
Btu/1b - °F
Thermal conductivity, 2.525 2.930 2.673 1.525
Kgae, Btu-in/day-in.2-
°F
* - Values in customary units are shown in parentheses.

*#* - From Kersten (1949).

13




19. To determine the worst case backfill foundation material, a para-
metric study was conducted to evaluate the potential effect of the candidate
materials on concrete temperatures in the flcur slab. A total of nine incre-
mental construction finite element thermal analysis runs were made. The study
used a 2-D finite element model of the chamber monolith which included 20 ft
of foundation material. The chamber monolith walls were not included in this
study. A complete description of the finite element model, construction
parameters, and the thermal boundary conditions used are found in Part III.
For convenience, a brief description of the construction and thermal para-
meters affecting computer runs in this parameter study are presented in the
following paragraphs.

20. Evaluation of the backfill materials was performed by observing the
effects of vertical, one-dimensional (1-D) heat flow on vertical temperature
distributions during and following simulated construction of the 12-ft-thick
concrete floor as thermal properties of the backfill material were varied.
Figure 3 shows a horizontal section from the finite element model representing
the vertical layout of soil layers and concrete lifts. The concrete consisted
of three 4-ft lifts placed at intervals of 10 days. Exposed horizontal con-
crete surfaces were assigned surface heat transfer coefficients based upon the
wind velocity and the time of year. Exposed surfaces were subjected to
expected air daily temperatures for Paducah, KY, and the placement date of
1ift 1 corresponded to 20 June. Placement temperature of all concrete was
60 °F. All runs were continued for a total elapsed time of 234 days which
extended computation of concrete temperatures until February 20 which is a
month past the dates of coldest air temperatures. Concrete thermal properties

and adiabatic temperature rise for mixture 11 were used.

15'-0'" EXISTING SOIL 5'-0" 3 LIFTS CONCRETE AT 4'-0" =
BACKFILL 120"

Figure 3. Typical section for backfill evaluation

21. 1In all computer runs, the foundation material modeled for depths

between 5 and 20 ft was clay. The clay layer between depths of 5 and 20 ft

14




was saturated in all analyses except the first. Changing the soil properties
in ABAQUS after lift 1 is placed is not easily achieved; therefore, the satu-
ration state of the backfill in all runs was assumed to be the case from
placement of 1ift 1 onward. Thermal properties of the candidate backfill
materials were varied in the top 5-ft layer of the foundation column to be
representative of the backfill in both saturated and moist (dewatered) states.

22. Analysis of the values of computed thermal properties for the back-
fill materials shown in Table 6 indicated that those of compacted river sand
and/or no. 57 limestone represented the extremes of the values for density,
specific heat (heat capacity), and thermal conductivity (conductance) in both
moist and saturated states. The properties for quarry-run limestone were not
used. This was fortuitous since the wide range of particle distribution (dust
to 6 in.) resulted in greater variation in the computed thermal properties for
any given volume of this material. Table 7 provides a summary of the proper-
ties used in the foundation for these runs again expressed in units cousistent
with input to ABAQUS (Hibbitt, Karlsson, and Serenson 1988). Notice that each
property of the backfill material on the last six runs is identified with an L
or H. These designations indicated that the associated value represents the
lowest or highest value, respectively, of that property for the given satura-
tion (moist or saturated). From these runs, the effects of all the combina-
tions for lowest or highest values possible for density, specific heat, and
thermal conductivity were evaluated. As noted in Table 7, the materials used
in runs 3, 4B, 6, and 7 are composites of the high or low values needed to
fill out the matrix.

23. As expected, the largest differences in concrete temperatures were
observed in lift 1 nearest the foundation-concrete interface. Differences
were reduced at higher elevations in the concrete. Maximum differences in
concrete temperature at the bottom of lift 1 were 2.5, 3.3, and 2.84 °F at 5,
10, and 15 days, respectively, after concrete placement. The difference in
concrete temperature was still 2.6 °F at 40 days and 1.1 °F at 90 days. Maxi-
mum differences in concrete temperature at midheight of lift 1 were 0.87,
1.60, and 1.80 °F at 5, 10, and 15 days, respectively, after placement. The
difference in concrete temperature was still 2.2 °F at 40 days and 1.1 °F at
90 days. In all cases the highest concrete temperatures were produced in run
5 in which wet no. 57 limestone was the backfill material. Its thermal prop-
erties were characterized as being the lowest of all materials simulated.

Although concrete temperatures did not vary by more than 1 °F at any location
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in all of the remaining runs, the lowest temperatures were found in Runs 3B,
4B, and 7 in which the highest value for thermal conductivity was used.

24. The results of the study also showed that for all except run 5 with
wet no. 57 limestone as the backfill material, concrete temperatures at the
center of lift 2 varied by less than 0.3 °F and did not differ at all at the
top of 1lift 2 or in lift 3. Temperatures for wet limestone were 1 °F higher
than the other runs at the center of 1ift 2 and 0.5 °F higher at the top of
lift 2. Using the backfill material yielding the highest temperatures in the
bottom of the concrete as the worst case, the properties of wet no. 57 lime-
stone were used for the backfill material on all incremental construction
simulations in this investigation. The results using any combination of the
full range of thermal properties characterizing saturated backfill candidate
soils were very similar. The selection criteria for a saturated backfill
material, if necessary, to be used in the thermal analyses for this investiga-
tion, would be based upon the material in which confidence in its calculated
properties is greatest. This material would be saturated compacted river

sand.

Mechanical Properties

25. Mechanical properties are supplied to the time-dependent creep
model (UMAT) used in the analyses in two ways: (a) constants such as 3-day
modulus of elasticity and 3-day compressive strength are given in the input
file, and (b) creep, shrinkage, and modulus are incorporated into the model as
functions of age. The process of modifying the equations in UMAT for a par-
ticular concrete is known as the model calibration. The calibration and veri-
fication of the model for each of the two mixtures has been described in
detail in a previous report (Hammons et al. 1991). For reference, the creep,
shrinkage, and modulus functions used for each mixture are discussed in the
following paragraphs.

Shrinkage

26. American Concrete Institute ACI 209-R82 (ACI 1989) defines shrink-
age as the decrease with time of concrete volume. This decrease is due to
changes in the moisture content of the concrete and to the physicochemical
changes in concrete. Shrinkage due to moisture loss, or drying shrinkage,
occurs only at the surface of mass concrete structures and is generally con-
sidered less significant than autogenous shrinkage for these types of struc-

tures. Therefore, it is not simulated in the material model. Additional
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volumetric changes not directly attributable to temperature fluctuations or
moisture loss occur during hydration of the cementitious materials. The
"shrinkage" curve included in UMAT describes these volumetric changes.

27. The mixture 6 shrinkage curve was based on test data. However,
mixture 11 exhibited very little shrinkage. Analysis of the mixture revealed
that several shrinkage-compensating compounds were produced during hydration
of the cement. This phenomenon is not likely to be reproduced in the field,
so in order to include some shrinkage in the analyses, an equation based on
previous data for mass concrete mixtures (Hammons, Smith, and Neely 1990) was
modified to yield a final total shrinkage of 20 microstrains. The curves used
for mixtures 6 and 11 are given by the following equations.

For mixture 6

€snrinkage = 58.69 X 1078 (1-e70-0264%t) 4 9 46 x 1076 (1-e70-5298) (5)
For mixture 11
€shrinkage = 13.11 X 1078 (1-e70-1%t) + 9,29 x 10°¢ (1-e70-02263%) (6)

where t is time since placement of the concrete in days.
Creep and modulus

28. Creep is defined by ACI Committee 209 (198 ) as the time-dependent
increase of strain in hardened concrete subject to sustained stress. It is
the total measured strain in a loaded specimen minus the sum of the initial
instantaneous (or elastic) strain due to the applied stress and the shrinkage
and thermal strains in an identical load-free specimen subjected to the same
history of relative humidity and temperature.

29. This definition assumes that elastic strain does not change with
time. However, in a mass-concrete structure stresses and modulii are con-
stantly changing throughout the structure and the construction period, and
initial elastic strain has little meaning. Therefore, the stress-strain rela-
tionship of the concrete must be based on age-related modulus and creep
functions.

30. In the material model, cfeep is given by a 3-day creep compliance
curve. This curve represents the difference between total specific strain
(strain per unit stress) obtained from a 3-day creep test and the elastic
specific strain obtained from modulus tests at various ages. The relationship
between total specific strain (J(t)), creep compliance (C(t)) and elastic spe-
cific strain (1/E(t)) is shown in Figure 4. The 3-day creep compliance can be
translated to obtain the creep strain for a load applied at time t by a modu-

lus-related aging factor. The creep compliance, modulus, and aging factor
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functions in UMAT were determined based on test data reported by Hammons et
al. (1991).

31. The equations for mixture 6 follow:

C(t) =1 x 1078 [0.3216(1-e0.0333(tt0)

+ 0.1633(1-e’°-“15“"t‘°)) + 0‘0927<1_e-1.325(t~to))} (7)
E(t) = 1 x 10% [2.06998(1-e 0-0393(t-1))

+ ‘1-.1327(l-e‘°'“°76“"1)) + 0.2776(1-e72:5492(t"1)y 4 1 35] (8)
AF(t) = [E(3)/E(t)])? (9

—— total

c(t)

J(t)

strain/stress

1/€
1/E0

time KEY : ) .
Eo E at loading
E E at time t

from UMAT eq.)

PR

Figure 4. Relationship between creep compliance,
elastic strain, and total specific strain

where
t = age of the concrete in days
t, ~ age at time of loading
C(t) =~ specific creep, in./in. per psi
E(t) = modulus of elasticity at time t, psi
E(3) = the modulus at 3 days
AF(t) = the aging factor

The equations for mixture 11 are given below.

C(t) =1 x 107 [0.3949(1-e70.05298(t-to)) (10)
+ 0_2263(1_e-0.5623(t—bo)) + 0'126(1-e-2.5k9(t-to))]

E(t) =1 x 10% [2.86(1-e™0-0583(t"1)) (11)
+ 2.63(1-e70-8831(t")y . 0,9776(1-e 284941y 4 0 .57]

AF(t) = [E(3)/E(t)]? (12)
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Other mechanical properties

32. Material properties input as constants to the UMAT subroutine are

given in Table 8.

Table 8

aterial Properties for UMAT

Mixture
Material Property 6
3-day modulus (psi) 2.49 x 108
Poisson’s Ratio 0.15
3-day compressive 820.0
Strength (psi)
Tensile strain capacity 0.0001
(in/in)
Coefficient of thermal 4.0 x 107

expansion (in/in per °F)

Mixture
11

2.1 x 108

0.15
675.0

0.0001

4.0 x 1076
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PART I11: PHASE I STUDY

General

33. Phase 1 consists of heat transfer and stress analyses with plane
stress and plane strain assumptions using both concrete mixtures identified in
Part II for the strip and block construction methods. A limited 3-D analysis
was performed using only one concrete mixture and one placement method for
verification of the 2-D analysis results. All Phase I analyses used average
material properties for aging modulus, creep, shrinkage, and adiabatic temper-
ature rise.

34. A primary focus of Phase I is to reduce the parameters for the in-

depth study to be conducted in Phase II. Expected findings are the preferred
construction method and the most appropriate type of stress analysis (plane
stress or plane strain) for use in Phase II.

35. It should be noted that when results are presented and discussed,
stresses refer to concrete only {(unless otherwise noted), time is absolute
with reference to the start of construction, and distributions are with

respect to an entire section.

Selection of Sections for Analysis

36. The unusual design and massive dimensions of the W-frame lock cham-
ber monoliths presented construction problems that have not previously been
encountered in Corps-designed lock structures. Each W-frame monolith was
approximately 320 ft wide and 80 ft long, with a 12-ft-thick floor section.
Because of the volume of concrete required in each floor lift (roughly
4,000 cu yd), floor lifts could not be placed without vertical joints. Ten-
sile stresses due to thermal and shrinkage effects can be expected to occur
during the placement of a thick concrete floor, and a knowledge of the loca-
tion and magnitude of these stresses was necessary to determine a concrete
placement sequence that would best allow the floor to act as a continuous
monolithic structure. Two possible placement schemes for the chamber monolith
floors were proposed by the USAED, Louisville. These placement schemes are
shown in Figure 5 and are referred to in this report as the strip placement

method and the block placement method.
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Figure 5. Monolith placement schemes
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37. Lock chamber walls are usually relatively thin when compared to
floor sections. They tend to cool quickly, reach near ambient temperatures
soon after placement and experience relatively low tensile stresses. However,
the 52-ft-thick center wall was an area of concern. Also, the method proposed
for placing culvert walls was unusual for a mass concrete structure. Each
wall was to be placed as a single continuous lift for the entire 18-ft height
of the culvert.

38. In the strip placement method, all vertical joints were transverse
to the direction of flow. In the block placement method, all vertical joints
were parallel to the direction of flow. Two sections were selected for the
initial 2-D analyses: (a) a typical W-frame section transverse to the axis of
flow, and (b) a typical floor section parallel to the axis of flow. Lock
monoliths were assumed symmetric relative to the axis of flow, and the W-frame
section represented one-half of the transverse cross section.

39. A quarter section of the W-frame monolith was chosen for the 3-D
analysis. To simplify the analysis, this section included only the floor and

the center wall.

Finite Element Grid Ceneration

2-D grid development

40. Eight-node heat transfer, plane stress, and plane strain elements
were used in the 2-D grids. These elements provide nonlinear fields for tem-
peratures and displacements. Standard 3 x 3 integration (with nine calcula-
tion points per element) was used for all heat transfer analyses, and reduced
integration (with four calculation points per element) was used in the stress
analyses.

41. Element size for the finite element grids was based upon two con-
straints. Because of the type of integration procedure used in the ABAQUS
transient heat transfer algorithm, a relationship exists between the minimum
usable time-step and the distance between nodes (Hibbitt, Karlsson, and Soren-
son 1988). A maximum time-step of 0.25-day is desirable to accurately repro-
duce temperature changes that occur during the first 2 days after placement of
the concrete. The maximum distance between nodes corresponding to this time-
step is 14 in. This yields an element length of 28 in. for an eight-node ele-
ment., However, studies of Melvin Price Locks and Dam (Truman, Petruska, and

Fehri in preparation) and the Red River Waterway Thermal Studies (Hammons
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et al. 1991) have shown thav this limit is critical only in the direction of
heat flow. This means that in a lock monolith floor section, where heat loss
occurs in the vertical direction except near the outer edges, longer elements
can be used. Even in the direction of heat flow, increasing the element
length to 30 in. does not interfere with convergence and produces errors in
temperature of less than 1 °F. The second constraint on element size is based
on lift dimensions: a minimum of two elements is required to define the
stress distribution across a section. This means that 2-ft-high elements must
be used in 4-ft lifts. Due to these restrictions, floor elements were 24 in.
high. With a few exceptions, wall element size was restricted to a maximum of
30 by 30 in.

42. To accurately model incremental construction, newly placed lifts
must be added in a stress-free state. Otherwise, fictitious stresses are
induced which may cause excessive cracking and numerical instabilities if the
displacements are large or the tensile capacity of the new covacrete is low.
ABAQUS normally adds newly placed elements based on their total displacement
from an initial condition, which is the undeformed shape on the entire struc-
ture. This concept places an initial strain on newly placed elements which
results in stresses that do not accurately model the stress conditions of the
physical structure. Once the new elements are placed, strains continue to be
based on the displacement from the initial condition instead of upon the rela-
tive displacement of the newly placed elements. To avoid an initial strain
condition and to base strains on relative displacements, two modeling methods
are recommended: (a) according to the "ABAQUS 4.8 Users Manual," a shared
node can be replaced by a node at each surface and an intermediate node that
can be shifted when the new lift is initialized to give a new, stress-free
starting point for the new concrete, or (b) the AMP=STEP parameter can be used
in the input deck in the initialization step for each lift to allow the ini-
tial displacement to take place without stress.

43. The first method requires the use of heat transfer interface ele-
ments to provide temperatures at the additional nodes for input to the stress
analysis. This also ensures a more accurate temperature distribution at lift
interfaces and was the method used initially in the analyses of the strip
placement method. Due to ease of modeling, the second method was used in the
analyses of the block placement method, including the 3-D analysis.

44. Two-dimensional stress analyses were made using both plane strain

and plane stress elements. A plane strain analysis, in which the out-of-plane
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strain is zero, is more appropriate for very long structures. In a plane
strain analysis the UMAT model calculates incremental strains in the out-of-
plane direction and stresses due to those strains. Because of the condition
imposed by the plane strain elements, i.e. zero strain in the out-of-plane
direction, these out-of-plane strains are totally restrained. Within each
increment, the Poilsson effect of out-of-plane tensile stresses is added to in-
plane tensile stresses, giving a maximum in-plane tensile stress. However,
total restraint is not a realistic condition, and predicted out-of-plane ten-
sile stresses can be excessive. Since the UMAT model uses an intecactive
stress/strain cracking criteria with a maximum allowable stress of 2f’, under
a zero strain condition (Norman, Campbell, and Garner 1988), cracking due to
these out-of-plane stresses can occur. This cracking is not based on realis-
tic out-of-plane stresses and can result in nonconvergence as cracks continue
to open. A plane stress analysis, with no out-of-plane stresses should yield
lower-bound in-plane tensile stresses for the structure,

45. Grids used in the 2-D analyses are shown in Figures 6 and 7.
3-D grid development

46. Due to the large amounts of disk space and computer time needed for
a 3-D analysis, the land wall was not included in the model and a coarser grid
was required for the 3-D model. The maximum dimension in the direction of
heat flow was extended to 36 in., and element dimensions along the axis of
flow were limited only by pile spacing except at joints and at the end face of
the monnlith. Since the primary purpose of the 3-D analyses was to verify the
2-D results, slight errors in predicted temperatures due to the required use
of larger elements will produce acceptable results.

47. The 3-D analyses were made using 20-node brick heat transfer and
stress elements. Full 3 X 3 x 3 integration was used in the heat transfer
analysis and reduced integration (2 x 2 X 2) was used in the stress analysis.

The 3-D grid of the structure is shown in Figure 8.

Construction Parameters and Boundary Conditions

48. Lift heights and vertical floor joint locations were selected by
USAED, Louisville, based on practical concrete placement rates. Floor lift
height was 4 ft in the strip placement method and 6 ft in the block placement
method. Culvert walls were to be placed in single lifts. Lift locations for

the two placement methods are shown in Figures 9 and 10.
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49. The minimum lift placement interval for the analysis was 5 days.

Longer placement intervals were used between some lifts in the analyses to
allow gaps in time for the placement of lifts not modeled in the 2-D and 3-D
grids. Lift placement times used in all analyses are shown in Table 9. Other
1ift placement sequences and schedules are possible, some may even be more
critical. However, in accordance with ETL 1110-2-324 (Headquarters, Depart-
ment of the Army, 1990) guidance on multidiscipline coordination, the USAED,
Louisville, Construction and Engineering Divisions, using their best engineer-
ing judgement, jointly devised the strip and block placement schemes along

with their placement schedules.

Table 9
Lift Placement Schedule

Lift Strip Placement Block Placement
Number Method, days Method, days
1 0 0
2 10 5
3 20 15
4 * 20
5 30 30
6 35 35
7 40 40
8 45 45
9 65 65
10 70 70
11 75 75
12 80 80
13 85 85
14 90 90
15 95 95
16 100 100
17 105 105
18 110 110
19 115 115

* To have corresponding wall 1ift numbers for both
placement methods, no model 1ift 4 was included
in the strip placement method.

Ambient Temperatures

50. Ambient air temperatures used in the thermal analyses were obtained
from the National Oceanic and Atmospheric Administration (NOAA) Service for
the weather station located nearest the construction site at Paducah, KY. Air

temperatures actually used are the expected mean daily temperatures.
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Figure 11 shows a plot of these data. The time of the year origin shown is

the date of placement for a summer construction start on 20 June.
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Figure 11. Daily mean temperature, Paducah, KY

Additional provisions

51. Three additional provisions were specified by the USAED, Louis-
ville: (a) a maximum 60 °F placement temperature, (b) no insulation, and
(c) a start-of-construction date of June 21. These provisions limited the
scope of this investigation to construction which could be concluded prior to
the earliest possible onset of freezing temperatures.

52. By the end of the construction period, ambient temperature was
approximately 60 °F. To ensure that placement temperatures remained below
ambient temperatures, a 60 °F placement temperature was used in the floor.
Wall placement temperatures were varied from 60 °F to 50 °F to guarantee that
placement temperatures remained below a decreasing ambient temperature until
the minimum placement temperature was reached. An additional analysis with a
60 °F placement temperature for all lifts (OMSTDS2) was run for comparison.
Placement temperatures and average daily ambient temperatures are shown in

Figure 12,
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Thermal boundary conditions
53. The lower boundary of the foundation material at a depth of 20 ft

was fixed at 57.2 °F which is the mean yearly temperature for the construction
site. Temperature distribution in the soil up to the surface is dependent
upon the air temperature-time history before construction begins. The initial
vertical distribution of temperatures in the foundation was computed by
exposing the foundation surface to 2 years of ambient temperature variation.
Calculated temperatures from the surface downward at the selected construction
start date computed in the second year were used as the starting foundation
temperature distribution. This process accounts for the thermal momentum in
the foundation and is the most realistic method for obtaining the starting
temperatures.

54. No horizontal heat flow was permitted through vertical model
boundaries at symmetric monolith center lines in 2-D analyses, at planes of
symmetry in 3-D analyses, or through vertical soil boundaries.

55. All other heat flow from the surface is a function of the surface

heat transfer coefficients which control heat exchange between the structure

31




or foundation and the ambient air. A film coefficient is used which is com-
posed of a convection coefficient that defines heat exchange with surrounding
air as a function of wind velocity and a conduction heat transfer coefficient
which defines the heat flow through formwork and/or surface insulation. The

following general equation is used to compute the composite film coefficient

= 1 2_p._0
h 1 . 1 . 1 2 (BCU/ft h-°F) (13)

hct z Cfon.wrk C! ngulation

where
h,;; = convection coefficient
Ceormwork = conductance of formwork (when in use)
Cinsulation = conductance of insulation (when in use).
56. The surface conductance was computed by the following equation
(Jurges 1924) for a wind velocity less than or equal to 16.5 ft/s and a sur-

face with a rough texture

h,,, =1.086 + 0.225V (Btu/ft?-hr-°F) (14)

air

where V is wind velocity in ft/s.

57. Wind velocity for which the surface heat transfer coefficients are
partially based were obtained from NOAA for Paducah, KY. It was observed that
the mean wind velocity varies with season of the year; however, velocities are
nearly constant over the summer and winter months with a transitional period
during the spring and fall months. This pattern of wind velocities was
selected to simplify the input of surface heat transfer coefficients during

thermal analyses. Wind velocity data used are listed in Table 10.

Table 10
Mean Wind Velocity Used in Thermal Analyses

Mean Wind Velocity Mean Wind Velocity
Time Period mis/h ft/s
June - September 5.30 7.777
October 6.80 9.974
November - April 9.43 13.831
May 6.50 9.534
32




58. Formwork was assumed to be 0.75-in. plywood with a conductance of
1.07 Btu/ft2-h-°F. For temperature calculations when insulation may be simu-
lated, a conductance of 0.37 Btu/ft?-h-°F (R value = 2.7 h-ft%-°F/Btu) was
used. Vertical formwork was assumed to be removed 2 days after placement of a
lifr. Horizontal formwork as used in ceilings of culverts was removed 5 days
after concrete placement. The surfaces of culverts were assumed to be exposed
to the same wind velocity as other exterior surfaces, although, guide specifi-
cation requires that the culverts be closed during construction. This varia-
tion provides a “"worst case" condition for stresses in the walls. Table 11
shows the values used for surface heat transfer film coefficients given the

variation in wind velocities presented earlier.

Table 11

Surface Heat Transfer Film Coefficients Used in

.Thermal Analvses

Mean Mean Film Coefficient, b, Btu/day-in®-°F
Wind Wind Wind
Time Velocity Velocity Wind + Wind + Wind+Form
Period mi/hr ft/s Only Forms** Insul . t +Insul .,
June - 5.30 7.717 0.472 0.129 NA NA
Sept 7 5
Oct 6.80 9.974 0.555 0.135 NA NA
2 0
Nov- 9.43 13.831 0.699 0.142 0.0567 0.04305
April 8 1 2
May 6.50 9.534 0.538 0.134 NA NA
7 0

Note: NA indicates not applicable.
* hyng = 1.086 + 0.255 V; Wind velocity, V on ft/s; h in Btu/h-ft?-°F.
** Forms = 3/4-in. fir plywood; Conductance, C = 1.07 Btu/h-ft?-°F.
t Insulation = 3/4-in. blanket:; Resistance, R = 2.7 h-ft? -°F/Btu, for
C = 0.37 Btu/h-ft2-°F.,

Boundary conditions for stress analyses

59. For the stress analyses, no elements were included to model the
soil. The finite element grids were supported at their axis of symmetry with
rollers and at the base with vertical and lateral springs applied at the cor-

ner and midside nodes.
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60. The pile layout for both placement schemes, shown in Figure 13, was
generated from information provided by the USAED, Louisville. All piles are
HP 14 by 117, 708 in. in length, and are vertically oriented. Battered piles
in previous preliminary plans were deleted and new equally spaced piles,

75 in. in the transverse and longitudinal directions, were provided.
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Figure 13. Typical lock monolith pile layout

61. For the 2-D models, the pile stiffness must be modified to repre-
sent the average stiffness of each row of piles parallel to the flow axis per
inch thickness into the model. Based on pile tests conducted at the site and
experience, the vertical pile stiffness was calculated using k = 1.25(AE)/L.
This resulted in a stiffness of 1,761,300 lb/in./pile. This stiffness was
then modified by dividing it by the pile spacing in the transverse direction
(75 in.) to obtain 23,500 1b/in./in., which is the average stiffness of each
pile row transverse to the flow axis.

62. The lateral pile stiffness is more difficult to obtain and is
highly dependent on the soil surrounding the pile, especially the upper 10 ft.
Two typical soil profiles, Figures 14 and 15, were developed from boring logs
along the center line of the lock structure. These profiles were used as
input for the COM624G computer program (1984) which automatically generated
the pile p-y curve for each soil profile. Experience and previous studies

have shown that pile stiffness for strong soil pile support induces higher
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stresses in the structure.

the least displacement for a given load.

~

< p-y curve was

> AN NN 0
=130 pef COMPACTED RIVER K = 125 k/in>
=0 SAND
=40 < ’
7 =117 pcf SILTY CLAY (€L
C = 750 psf K = 01 K/in?
® =0 STIFF F=1
A= 175
L= 40
PL = 19
PI = 21 18/
Y = 125 pef TILTY/CLAYEY SAND (SP-SCO
=0
$ =35 MED-DENSE K = 01 K/in®
OLMSTED S
Figure 14. Lock soil profile 1
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o
® = 40 — .
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c=0 , DENSE K =10 K/ 3
$= 38
!
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Y = 1S pef SILTY CLAY (CL)
3
£ = 750 psf STIFF K = 04 K/in
& =0 Fo=
A =175
125 pcf SILTY/CLAYEY SAND (SP-SCO
C=9
[+] ) 3
&= 35 MED-DENSE K = 01 K/in
Figure 15. Lock soil profile 2

Therefore, soil profile 2 was used since it showed

The soil profile

then modified, using the same procedure as the vertical pile stiffness, to

obtain the average lateral stiffness of each row of piles parallel to the flow

axis.
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pile group behavior. Since the pile spacing was approximately five times the
pile section depth, 75 in. versus 14.4 in., guidance contained in TR K-83-1,
"Basic Pile Group Behavior," (CASE Task Group On Pile Foundations 1983), rec-
ommends a pile group reduction factor of 0.55. This factor was then applied
to the average pile lateral stiffness. The maximum displacement for these
types of two-dimensional analyses are normally on the order of 0.2 in. Since
the p-y curve is nearly linear in this range of displacements, tle nonlinear
lateral pile stiffness was replaced using a linear spring based on 0.2 in. of
displacement. Similar approximations were used in the Lock and Dam 26R study
(Bombich, Norman, and Jones 1987).

63. Pile stiffness calculations and computer analysis results are pro-
vided in Appendix A.

64. 1In addition to the vertical support provided by the piles, a verti-
cal soil stiffness of 300 psi per inch was applied at all nodes located along
the base of the models. This is a fairly low value for a well-compacted sand
(Hough 1969). Although soil support is normally neglected in pile design,
including some support from th= soil is a more realistic condition for a
finite element analysis. These additional spring supports are especially
important during the early phases of construction when the concrete still has
a fairly low modulus and is primarily supported by the soil. This additional
support should be adequate to support the dead load of the concrete. There-
fore, since vertical stresses in a floor are normally extremely small in a
thermal stressﬂanalysis, and ilittle lateral restraint is offered by the p.les,
small changes in pile spacing should have little effect on st.esses calculated
in the analyses,

65. At times prior to the removal of formwork, gravity loads were
represented by an equivalent uniform pressure loading placed on the existing
concrete of previous lifts. Gravity loads, in the form of body forces in the
newly placed concrete, replaced this uniform pressure representation 2 days
after placement for most lifts and 5 days after placement for lifts containing
roof sections. This was done to allow the newly placed concrete sufficient
time to gain strength to resist the body force applied gravity load without
cracking. In lifts spanning openings, the initial pressure loading was

applied to the existing concrete using tributary area.
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Heat Transfer Analyses

General

66. The results of the analyses are discussed in terms of maximum tem-
peratures and temperature differentials across an entire section corresponding
to an absolute time, with respect to the start of construction. Although
temperature differentials are convenient for quantifying the results of heat
transfer analyses, they are not the only important factor for the development
of stresses and cracking. Monolith geometry, boundary conditions, shrinkage,
and the mechanical properties of the concrete also affect stresses developed
during construction.

67. Four sections, shown in Figure 16, were used to compare temperature
differences between analyses in the XY plane. In addition, mixture 1l consid-
ered three sections, shown in Figure 17, to compare temperatures across the
floor in the out-of-plane analyses.

Mixture 11 analyses

68. A summary of all 2-D heat transfer analyses using the mixture 11
properties is given in Table 12. The XY and ZY planes are oriented as shown
in Figures 16 and 17. Unless otherwise noted, contour plots just prior to the
placement of each new lift are piesented in Appendix B. Current ambient tem-
perature is given on each plot for reference.

69. Strip placement analysis 1 (OMSTDT1)., The temperature contour
plots included in Appendix B indicate that heat flow throughout most of the
floor was 1-D as expected. This means that temperatures at a given time and
elevation were constant for the width of the floor.

70. A plot of nodal temperatures across section 3 is shown in Fig-
ure 18. The maximum temperature in the floor occurred in lift 3 and was
approximately 92 °F. This temperature rise of 32 °F was reached at 9 days
after placement. The maximum temperature differential in the entire floor was
26 °F and occurred at 200 days after the start of construction. Until that
time, temperatures at the base of the structure decreased very slowly, while
temperatures closer to the upper floor surface tended to decrease with ambient
temperature. At approximately 200 days the yearly low was reached, and ambi-
ent temperature began to increase, decreasing the temperature differential.
The maximum temperature at section 4 (see Figure 19) was 88 °% and was reached
at approximately 9 days after placement of lift 12. For the first 30 days

after placement, temperatures throughout section 4 were affected by the
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Table 12

Summary o -D Heat Transfer Analyse ¢} xture
Name Mixture Notes _
OMSTDT1 11 Strip placement, 60 °F placement in

floor, walls varying from 60 to
50 °F, XY piane

OMSTDT2 11 Strip placement, 60 °F placement
throughout, XY plane

OMSTDT4 11 Block placement, 60 °F placement in
floor, walls varying from 60 to
50 °F, XY plane

OMSTDTS 11 Strip placement, floor only 60 °F
placement, 2Y plane

placement of subsequent lifts. After that time temperatures across section 4
tended to decrease at about the same rate, and a constant differential of
roughly 21 °F was maintained until the average daily ambient temperature began
to rise. Temperatures in the relatively thin culvert walls became fairly
uniform and approached ambient temperature shortly after placement.

71. Strip placement analysis 2 (OMSTDT2). The increase in placement

temperature in the walls resulted in a maximum temperature difference in the
center of section 4 at node 6785 of only 3 °F (Figure 20). Temperature dif-
ferentials in the OMSTDT? analysis were slightly greater than those in the
OMSTDT1 analysis until approximately 200 days. Temperatures and temperature
differentials were similar in the two analyses after 200 days.

72. Block placement analysis 3 (OMSTDT4)., Even though heat flow was

1-D throughout most of the floor, temperatures varied slightly across the

floor at any given elevation due -o the placement scheme,

73. The maximum temperature in the floor was 96.8 °F and occurred 4
days after the placement of 1lift 4, resulting in a temperature differential of
15 °F across the top lift. Even though maximum temperature was higher in the
OMSTDT4 than in the OMSTDT1 analysis, this was a short-lived phenomenon. The
high interior temperature was reduced quickly at early times by conduction of
cooler temperatures from both the base and the surface. As can be seen in
Figure 21, after 50 days temperature differentials in the strip and block

analyses were similar. The maximum temperature differential was 27 °F at
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NODAL TEMPERATURES
STRIP METHOD, MIXTURE 11
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Figure 18. Nodal temperatures at section 3, OMSTDT1
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TEMPERATURE (DEG.F)

NODAL TEMPERATURES
STRIP METHOD, MIXTURE 11
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Figure 19. Nodal temperatures at section 4, OMSIDT1
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200 days. Wall temperatures varied slightly from those in the OMSTDT1 analy-
sis due to the exclusion of interface elements. Very small differences in
temperatures at the interface between 1lifts 10 and 12 in the two analyses can
be seen in Figures 22 and 23. Temperatures across sections 1 through 4 are
plotted against ambient temperatures in Figures 24 through 26.

74. Strip placement analysis 3 (OMSTDTS5)., Heat flow within each lift
was 1-D except near vertical lift interfaces and vertical exterior faces.
However, because of the placement scheme, temperatures at a given elevation
across the structure did not become uniform until almost 50 days after the
start of placement. The maximum temperature occurred at the interface between
lifts 3 and 6 and was 93.2 °F. The maximum temperature differential across
the sections presented in Figures 27 through 29 was 27 °F at 200 days after
the start of placement. This differential results when the concrete tempera-
ture at the surface is exposed to ambient temperatures dropping at a faster
rate than temperatures in the interior of the slab. This can seen from the
relative steepness of the slope of the temperature time history curves,
Figures 27 through 29, for the surface compared to those for the interior and
base.

Mixture 6 analyses

75. Heat transfer analyses were performed using mixture 6 properties
for both the strip placement method and the block placement method. For both
methods, a 60 °F placement temperature was used throughout the slab and the
wall placement temperatures varied from 50 °F to 60 °F. Temperature contours
are shown in Appendix C. !

76. Strip placement method, Temperature contour plots show the direc-

tion of heat flow was predominantly vertical, except near the edges. This is
reflected by the near horizontal temperature contours in the slab shown in
Appendix C. The maximum temperature in the slab was approximately 90 °F and
occurred at the interface of lifts 2 and 3 at 28 days for section 3. The
minimum temperature was approximately 33 °F at 214 days, and the maximum late
time temperature differential in section 3 was 23 °F at 20 days. The nodal
temperature versus time plot for section 3, Figure 30, shows that after about
20 days, the concrete temperature becomes more dependent on the ambient tem-
perature than that temperature produced by hydration. This is reflected in
the temperature curves tending to parallel the ambient temperature curve with

only a slight phase shift.
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TEMPERATURES AT LIFT 10 & 12 INTERFACE, LIFT 10
OMSTDT1 & OMSTDT4 ANALYSES, MIXTURE 11
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Figure 22. Nodal temperatures at 1ift 10 & 12 interface, OMSTDT1 and
OMSTDT4
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TEMPERATURES AT LIFT 10 & 12 INTERFACE, LIFT 12
OMSTDT1 & OMSTDT4 ANALYSES, MIXTURE 11
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Figure 23. Nodal temperatures at lift 10 & 12 interface, OMSTDT1 and
OMSTDT4
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Figure 24. Nodal temperatures at section 1, OMSTDT4
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BLOCK METHOD, MIXTURE 11
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Figure 25. Nodal temperatures at section 2, OMSTDT4
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Figure 26. Nodal temperatures at section 3, OMSTDT4
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TEMPERATURE (DEG.F)

NODAL TEMPERATURES, OUT-OF-PLANE ANALYSIS
STRIP METHCD, MIXTURE 11
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Figure 27. Nodal temperatures at section 1, OMSTDT5
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TEMPERATURE (DEG.F)

NODAL TEMPERATURES, OUT-OF-PLANE ANALYSIS
STRIP METHOD, MIXTURE 11
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Figure 28. Nodal temperatures at section 2, OMSTDTS
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STRIP METHOD, MIXTURE 11
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Figure 29. Nodal tempera“ures at section 3, OMSTDTS
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NODAL TEMPERATURES
STRIP METHOD, MIXTURE 6
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Figure 30. Nodal temperatures at section 3, mixture 6, strip method
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77. For section 4 in the center wall, the maximum temperature was ap-

L]

proximately 85 °F occurring at 76 days. The minimum temperature was approxi
mately 33 °F at 214 days, and the maximum late time temperature differential
was 9 °F at 214 days. Again, the nodal temperature versus time plot, Fig-
ures 31 and 32, for section 4 shows that after the initial heat of hydration
temperature rise, the ambient temperature begins to predominantly influence
the concrete temperatures.

78. Block placement method, Temperatures in the slab are somewhat
higher than those predicted in the strip method due to the increased size of
the lifts, but the same trend of vertical heat flow is observed except near
the ends of the lifts (Appendix C). The maximum temperature along section 3
was near 95 °F at 24 days. The minimum temperature was near 34 °F at 214
days, and the maximum late time temperature differential was 26 °F at 214
days. The nodal temperature versus time plot, Figure 33, is similar to that
for the strip placement method except for the higher temperatures due to the
thicker lifts.

79. The center wall at section 4 had a somewhat higher maximum tempera-
ture, near 90 °F, than that for the strip method. This was due to effects
resulting from different lift modeling techniques. The minimum temperature
was near 34 °F at 214 days and the maximum late time temperature differential
was 8 °F at 214 days. Figures 34 and 35 show the nodal temperature versus
time plots for section 4. The same trend of paralleling the ambient tempera-
ture after the initial heat rise is also apparent in these curves.

3-D analysis

80. The quarter symmetrical 3-D grid (block construction method) is
shown in Figure 36 with the planes of symmetry indicated. In the plane of
symmetry transverse to the axis of flow, no heat flow parallel to the axis of
flow is allowed. Because of the length of the monolith, no heat flow occurs
normal to that plane. This is the same condition that exists in a 2-D analy-
sis, i.e. heat flow in only the x and y directions. This means that predicted
temperatures at the transverse center plane of the 3-D model should be the
same as those in a 2-D analysis of the structure under the same conditions.
Nodes located at sections 1 through 4 along this plane are indicated in
Figure 36. Temperatures at these nodes are plotted versus ambient tempera-
tures in Figures 37 through 40. As can be seen in the plots, after reaching

some initial peak temperatures, all points through the thickness of the slab
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Figure 33. Nodal temperatures at section 3, mixture 6, block method
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NODAL TEMPERATURES
BLOCK METHOD, MIXTURE 6
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NODAL TEMPERATURES
BLOCK METHOD, MIXTURE 6
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Figure 35. Nodal temperatures at section 4a, mixture 6, block method
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Figure 36. Nodes for temperature/time plots, 3-D heat transfer analysis
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Figure 37. Nodal temperatures at section 1, 3-D analysis
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NODAL TEMPERATURES, 3-D ANALYSIS
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Figure 38. Nodal temperatures at section 2, 3-D analysis
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NODAL TEMPERATURES, 3-D ANALYSIS
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Figure 39. Nodal temperatures at section 3, 3-D analysis
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BLOCK METHOD, MIXTURE 11

100 I : T T
—— 106761
- — 106765
—-— 106767
- -— 106769
g0 | ] —---— 106771
T~ —— 106775
- — 10677°
——— AMBIENT
60 -
40
20 | | I 1
0 50 100 150 200 250
TIME (DAYS)
Pios 4
Figure 40. Nodal temperatures at section 4, 3-D analysis
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begin to decrease along with the decrease in the ambient temperature. Temper-
atures in the nodes closest to the top of the floor decrease at a much faster
rate than those in the bottom of the floor, and as the ambient temperature
begins to rise, the nodes in the bottom of the floor do not immediately
respond to this positive change as quickly as nodes near the top of the floor.
This is a result of the poor conductivity of concrete,

8l1. 1In Figures 41 through 45, temperatures from the OMSTDT4 analysis
are compared to the temperatures resulting from the 3-D analysis. Close exam-
ination of these plots reveals that temperatures in the 3-D analysis varied
only slightly from those in the 2-D analysis. This can most clearly be seen
in Figure 41 by comparing the time history for node 2081 in the 2-D analysis
to node 105225 in the 3-D analysis. These nodes located at the bottom of the

floor exhibited the largest difference between the two analyses, approximately

2 °F. This difference can be attributed to the use of the larger elements
which had to be used in the soil for the 3-D analysis. Predicted temperatures
at this node converged at approximately 120 days, and temperature differen-
tials across the floor at times prior to that were only slightly greater iiian
those in OMSTDT4. The maximum temperature differential was the same in both
analyses.

82. Temperatures at the external face approximate ambient temperature
after an initial period (about 50 days in this case) and have not been
plotted.

83. Contour plots included in Appendix D are at the transverse center
plane, at the vertical interface between floor lifts, and at the center plane
in the direction of flow. These plots indicate that the area of 1-D heat flow
along the length of the structure extended through the center one-half of the

structure,

Stress Analyses

Mixture 11, 2-D analyses
84, All 2-D stress analyses using mixture 11 mechanical properties are

listed in Table 13. 1In general, for the chamber monolith structure, results
of stress analyses are discussed in terms of maximum stresses transverse to
the direction of heat flow. This is possible because the dimensions and

placement scheme of the structure are such that heat flow in the analyses was
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NODAL TEMPERATURES, SECTION 1
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NODAL TEMPERATURES, SECTION 2
OMSTDT4 & 3-D ANALYSES, MIXTURE 11
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NODAL TEMPERATURES, SECTION 3

OMSTDT4 & 3-D ANALYSES, MIXTURE 11
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NODAL TEMPERATURES, SECTION 4

OMSTDT4 & 3-D ANALYSES, MIXTURE 11
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NODAL TEMPERATURES, SECTION 1
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Table 13

Summary of 2-D Stress Analvses

Heat Transfer Floor
Analyses Placement
Name for loading Method Notes
OMSTDS1 OMSTDT1 Strip Varying placement

temperatures in walls;
plane stress; XY plane

OMSTDS1A OMSTDT1 Strip Varying placement
temperatures in walls;
plane strain; XY plane

OMSTDS2 OMSTDT2 Strip Constant 60 °F
placement temperature;
plane stress; XY plane

OMSTDS3 OMSTDT1 Strip Varying placement
temperatures in walls;
mixture 6 shrinkage
curve; plane stress; XY
plane

OMSIDS4 OMSTDT4 Block Varying placement
temperature in walls;
plane strain; XY plane

OMSTDS4A OMSTDT4 Block Varying placement
temperature in walls;
plane stain; XY plane

OMSTDS5 OMSTDT5 Strip Floor only; 60 °F
placement temperature;
plane stress; ZY

OMSTDS5A OMSTDTS Strip Floor only; 60 °F
placement temperature;
plane strain; ZY plane

largely 1-D. Even in the center wall, where significant heat flow could be
expected to occur at wall faces, lifts were 4 to 6 ft high and 52 ft long, and
heat flow was initially 1-D. 1In these areas, shear stresses and tensile
stresses parallel to the primary direction of heat flow were negligible.
Maximum principal stress was out-of-plane stress in plane strain problems and
the stress transverse to the direction of heat flow in plane stress problems.
The exception to this rule was at corners of wall openings, where significant
stresses were induced in all directions due to bending. In these areas, maxi-

mum principal stress may not be in the vertical or horizontal directions.
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85. Stress contour plots at specific intervals throughout the analyses
have been included in Appendix E. Only the plots appropriate to the problem
have been included. In plane strain problems, maximum principal stress as
calculated by ABAQUS is often dominated by out-of-plane stress and cannot be
used to determine areas of high in-plane stress. Therefore, only horizontal
and vertical stress contour plots have been included for plane strain prob-
lems. Plots of maximum principal stress have been added for comparison with
horizontal and vertical stresses in plane stress problems.

86. Displacement plots have been included in Appendix F for the plane
strain analyses, OMSTDS1A and OMSTDS4A, only. The differences between the
plots from the two analyses reflect the different methods used to account for
displacements occurring prior to the placement of each lift. However, these
plots are useful because they show the general trend of volumetric change with
time and temperature. Current ambient temperature and elapsed time are given
on all stress contour and displacement plots for reference.

87. Strip placement analyses 1 and 2 (OMSTDS]l and OMSTDS1A). 1In boeth
the plane stress and plane strain analyses, the highest tensile stresses
occurred at the top center of the floor (element 763), the top of the center
wall culvert (element 993), and at the lower corner of the top center wall
opening (element 1216). These elements are identified in Figure 46. The
typical horizontal stress distribution across the floor, shown in Figure 47,
displays slope discontinuities at the lift interfaces. This is not uncommon
and similar stress distributions have been observed in the NISA conducted for
Melvin Price Locks and Dam. This is due to the fact that each lift was placed
separately imparting a different state of stress in each lift. Vertical and
shear stresses in the floor were low, and horizontal stresses were primarily
compressive for the first 50 days after the start of construction. Maximum
horizontal tensile stresses at the top of the floor occurred at approximately
170 days and were 241 psi in the plane stress analysis and 275 psi in the
plane strain analysis. Stresses across the section in the OMSTDS1 analysis at
173 days are presented in Figure 48. Tensile stresses in the floor decreased
after 200 days. This drop in stress can be attributed to the fact that the
minimum average ambient temperature occurs at approximately 200 days. At this
time, the temperature gradient across the floor is at a maximum. As warming
occurs, the temperature gradient is reduced, reducing stresses. This means

that for the floor, maximum tensile stresses during construction are
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Figure 46. Sections and elements for stress/time plots

controlled by fluctuations in the average ambient temperature. Stresses in
1lift 3, section 3 for the OMSTDS1A analysis are shown in Figure 49. Wall
stresses are shown in Figures 5C through 54. Wall stresses were relatively
low except at openings. Stress contour plots indicate that stresses in the
culvert walls were low. This justifies ignoring the changes in material pro-
perties that result when maximum aggregate size is limited to 1-1/2 in. The
maximum horizontal stress in the center wall occurred at the top of the center
wall culvert in element 993 (Figure 50) and was 129 psi in the plane stress
analysis and 146 psi in the plane strain analysis at 110 days (40 days after
placement). Vertical and shear stresses in this area were negligible, and
tensile stresses decreased after 144 days. High tensile stresses at the cor-
ner of the upper opening also decreased after 144 days. High tensile stresses
at openings occurred relatively early after placement of the concrete. In
general, a sharp rise in tensile stresses at openings occurred at about 10 to
20 days after placement. The maximum principal stress in element 1216, point
1 was 132 psi by 20 days after placement in OMSTDS1. Horizontal and vertical
stresses around openings are plotted in Figures 51 through 54. Figures 51 and
52 show large drops in stress from approximately 105 to 110 days. As can be
seen from Table 9, new lifts are being placed above this location during these

times. When a new lift is placed on an existing lift, the new lift attempts
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Figure 52. Stresses at element 1190, OMSTDSlA
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STRESSES, ELEMENT 1216
STRIP METHOD, OMSTDS1, MIXTURE 11
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Figure 53. Stresses at element 1216, OMSTDS1
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to expand but is restrained and forced into compression by the existing lift.
At the same time, horizontal stresses in the old 1ift become tensile. Thus,
the sharp increases occur in tensile stress at 10 and 20 days after placement
of this 1lift (Lift 14). As the new lift attempts to contract but is re-
strained by the existing lift, stresses in the new lift become tensile and
those in the existing lift become compressive. Hence, sudden drops in stress
result as shown in Figures 51 and 52.

88. Maximum lateral displacement due to volumetric expansion in the
OMSTDS1 analysis was 0.134 in. at node 2669 and occurred at . days after the
placement of 1ift 3. The maximum lateral displacement due to volumetric con-
traction was 0.332 in. at node 3437 at the end of the analysis. Both of these
points are located at the outer edge of the floor.

89. No cracking occurred in the plane stress amalysis. In the plane
strain analysis, cracking due to out-of-plane stresses was initiated in the
floor at 101 days. The out-of-plane cracking occurred randomly throughout the
structure and resulted in nonconvergence at several time increments, probably
affecting the accuracy of predicted stresses in some areas of the structure.

90. Strip placement aspalysis 3 (OMSTDS2)., Due to problems encountered

in the previous plane strain analysis, this analysis used plane stress ele-
ments. Stresses in the floor were identical to those in the OMSTDS1 analysis.
Stress plots across each 1ift at section 3 are presented in Figures 55 through
57. As can be seen from these plots, when a new lift was placed on existing
concrete, expansion due to the rise in temperature in the new lift was re-
strained by the older concrete. Initial stresses in the new concrete were due
to this restraint and were compressive. At the same time, stresses in the
existing lift were tensile. When the new lift began to cool and contract, the
tensile stresses in the previous lift were reduced as it provided restraint to
contraction in the new lift. This restraint resulted in tensile stresses in
the new 1lift.

91. Stresses in the walls are compared with those from OMSTDS1 in Fig-
ures 58 through 62. As expected, horizontal tensile stresses at section 4
were higher in the OMSTDSZ analysis (see Figure 58). Placement temperatures
were higher in this analysis, and the vertical direction is the primary direc-
tion of heat flow at early times. Stresses at openings (Figures 58 through
62) are a result of moments induced by differential displacements and cannot
be as readily linked to differences in temperature as can those in the more

massive sections.
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Figure 55. Horizontal stress at lift 1, section 3, OMSTDS2
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Figure 57. Horizontal stress at lift 3, section 3, OMSTDS2
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Figure 62, Vertical stress at element 1216, OMSTDS1 and OMSTDS2
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92. Stress contours from this analysis were similar to those from the
first plane stress analysis, and no stress contour plots for this analysis
have been included in the Appendices.

93. Strip placement analysis 4 (OMSTDS3), Since the low shrinkage
characteristic of mixture 11 was due to the composition of the particular
cement and fly ash used, an analysis was run using the mixture 6 shrinkage
curve. All other variables remained the same as in the OMSTDS1 analysis.

That horizontal stress behavior at 1lift 3, section 3, in the slab similar to
that seen in previous analyses is apparent in Figure 63. Stresses from this
analysis are compared to those from the OMSTDS1 analysis in Figures 64 through
68. Maximum tensile stresses in the floor were approximately 20 psi larger
than those in the OMSTDS1 analysis. This represents only a 7-percent increase
in stress. As was expected, horizontal tensile stresses and vertical compres-
sive stresses were larger at section 4 in this analysis than in the OMSTDS1
analysis. Stresses at openings were similar to those in the OMSTDS2 analyses.

94. The same trends found in the OMSTDS1 and OMSTDS1A analyses are
apparent in the OMSTDS3 analysis. The structure is responding in similar
manner as in the OMSTDS1 and OMSTDS1A analyses, so similar conclusion as to
fluctuations in stress can also be made.

95. Stress contour plots for this analysis were similar to those from
the UMSTDS1 analysis and have not been included in the Appendices.

96. Block placement analyses 1 and 2 (OMSTDS4 and OMSTDS4A). These

analyses differed from the OMSTDS1 and OMSTDS1A analyses in only two ways:
(a) the placement scheme in the floor was different, and (b) the STEP=AMP
parameter was used in place of intermediate nodes to isolate new lifts from
existing displacements. As would be expected, areas of high stress were the
same as in the OMSTDS1 and OMSTDS1A analyses.

97. Horizontal stresses at sections 2 and 3 are shown in Figures 69
through 71. As in the other analyses, vertical and shear stresses in the
floor were negligible and have not been plotted. Maximum horizontal stress at
the top of the floor was 203 psi it the plane stress analysis and 221 psi in
the plane strain analysis. These values were slightly less than those in the
strip placement analyses. Since the higher temperatures in the OMSTDT4 analy-
sis occurred during the first 50 days when the w-frame floor was largely in
compression, differences in temperatures between the two analyses probably had
very little effect on stresses. The lower tensile stresses in the block

placement analyses were probably due to the relative stiffness of the new and
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STRESSES AT ELEMENT 1216, POINT 1
OMSTDS1 AND OMSTDS3 ANALYSES
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98




STRESS (PSI)

HORIZONTAL STRESSES
BLOCK METHOD, OMSTDS4, MIXTURE 11

300 | | T T
— 680, i
- — 68585, 3
200 - 40 s 3
- 763, 1
— 763, 3
100 + -
ot ]
-100 } —
~200 |- ~
-300 i i { |
0 50 100 150 200 250

TIME (DAYS)

a4

Figure 70. Horizontal stress at 1lift 4, section 3, OMSTDS4
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existing concrete sections in each analysis. In the block placement method,
the existing concrete section was only 6 ft high and had been in place for
only 10 days at the start of placement of the top section. In the strip
method, the existing concrete section was 8 ft high, and the bottom lift had
been in place for 20 days at the start of placement of lift 3. This means
that more restraint was provided to volumetric changes in the new lift in the
strip placement method analyses than in the block placement analyses in the
plane under consideration.

98. Even though placement times and temperatures and boundary condi-
tions are the same in the walls as in the first two analyses, predicted stres-
ses vary slightly between similar analyses. This is due to the different
methods used to isolate new concrete from existing displacements in the strip
and block placement analyses. In general, predicted stresses from comparable
analyses are within 5 percent except at the top wall opening, where maximum
differences between similar analyses are approximately 10 percent. Stresses
at section 4, at the top of the center wall culvert and at the corner of the
upper opening are compared with those from the previous analyses in Figures 72
through 76. The dramatic change in stress in OMSTDS4A curves at 180 days in
Figure 76 is a result of nonconvergence in the analysis rather than any real
phenomenon. This demonstrates the problems that can occur in a plane strain
analysis. Cracking due to out-of-plane stresses can cause nonconvergence
resulting in unrealistic in-plane stresses and even in-plane cracking. Crack-
ing due to out-of-plane stresses was initiated in the OMSTDS4A analysis at
65 days. No cracking occurred in the OMSTDS4 analysis.

99. Strip placement analyses 5 and 6 (OMSTDSS5 and OMSTDSS5A). These
analyses were of the floor only in a plane parallel to the direction of flow.
The strip placement method was used in both analyses since it was the only
placement method with construction joints in the plane of the model. Sections
1 through 3, Figure 77, were used for the comparison of stresses across the
floor and are located near vertical lift interfaces. Lift numbers refer to
the placement scheme shown in Figure 10.

100. The maximum stress in the z-direction occurred near the vertical
interface of the top two lifts (at section 2) and were 127.4 psi in the plane
strain analysis and 109 psi in the plane stress analysis. High tensile
stresses in the top two lifts tended to decrease with time after 180 days.

All other vertical interfaces were in lower lifts, and stresses normal to the

interface were primarily compressive. Stresses in the z-direction in section
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Figure 73. Vertical stress, section 4, OMSTDS1 and OMSTDS4
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HOR>» _ONTAL STRESS, ELEMENT 983, POINT 1
~LANE STRESS & PLANE STRAIN ANALYSES
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Figure 74. Horizontal stress, element 993, plane stress
and plane strain analyses
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STRESSES AT ELEMENT 1180, POINT 4
OMSTDS1 AND OMSTDS4
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Figure 75. Stress at element 1190, OMSTDS1 and OMSTDS4
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STRESSES, PLANE STRAIN
OMSTDS1A AND OMSTDS4A, MIXTURE 11
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Figure 76. Stress at element 1190, plane strain analyses
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Figure 77  Sections and elements for stress/time plots, out-of-plane grid

2 are plotted in Figures 78 through 83. Stresses in the top lifts only at
sections 1 and 3 are plotted in Figures 84 through 87.

101. Initial fluctuations in horizontal stress in Figures 78 and 81 are
due to the effects of adjacent lift placements. After approximately 50 days,
stresses in upper lifts become tensile and those in lower lifts become com-
pressive, as was seen in previous analyses. Figures 79 and 82, teing near the
center of the slab, expectedly show small stress levels. Due to the location
of the elements shown in these figures, it should be expected that the element
just above midslab would show small tensile stress while the element just
below midslab would show small compressive stress. Results showing rising and
falling tensile and compressive stresses are ambient temperature related and
reasons for this conclusion have previously been discussed in the OMSTDS1 and
OMSTDS1A presentation. Figure 84, presenting results of a plane strain analy-
sis, shows discontinuities just after 150 days. These result from stress
redistributions due to the effects of out-of-plane cracking of nearby elements
which occur in the analysis. Figure 85 results show the same trends that have
been discussed for slab section in models transverse to this section.

Mixture 6, 2-D analyses

102, Strip placement method, Data selected for presentation correspond
to the same locations as for the mixture 11 portion of this report. This
allows direct comparison of results for each mixture. Stress contour and
deformed shape plots for mixture 6 are provided in Appendices G and H. Cau-
tion should be exercised when viewing the deformed shape plots. They show

severely distorted elements at the lift interfaces. These are merely
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HORIZONTAL STRESS, PLANE STRAIN
STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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Figure 78. Horizontal stress at 1ift 1, section 2, OMSTDS5A
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HORIZONTAL STRESS, PLANE STRAIN

STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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Figure 79. Horizontal stress at lift 4, section 2, OMSTDS5A
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STRESS (PSI)

HORIZONTAL STRESS, PLANE STRAIN

STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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Horizontal stress at lift 6, section 2, OMSTDS5A
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HORIZONTAL STRESS, PLANE STRESS
STRIP METHOD, OUT~0OF-PLANE ANALYSIS, MIXTURE 11
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Figure 81. Horizontal stress at 1ift 1, section 2, OMSTDS5S
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STRESS (PSI)

HORIZONTAL STRESS, PLANE STRESS
STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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Figure 82. Horizontal stress at lift 4, section 2, OMSTDS5
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HORIZONTAL STRESS, PLANE STRESS
STRIP METHOD, OUT-0OF-PLANE ANALYSIS, MIXTURE 11
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Figure 83. Horizontal stress at lift 6, section 2, OMSTDS5
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STRESS (PSI)

HORIZONTAL STRESS, PLANE STRAIN
STRAIP METHOD, OUT-OF~-PLANE ANALYSIS, MIXTURE 11
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Figure 84. Horizontal stress at 1ift 6, section 1, OMSTDSS5A
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HUHLZUNTAL STRESS, PLANE STRAIN
STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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Figure 85. Horizontal stress at lift 7, section 3, OMSTDSSA
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STRESS (PSI)

HORIZONTAL STRESS, PLANE STRESS

STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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Figure 86. Horizontal stress at lift 6, section 1, OMSTDS5
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HORIZONTAL STRESS, PLANE STRESS

STRIP METHOD, OUT-OF-PLANE ANALYSIS, MIXTURE 11
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illusions resulting from the manner in which ABAQUS draws the deformed shape
plots.

103, Material properties listed in Table 4 were used for input into the
user subroutine, UMAT, for plane stress and plane strain analyses for this
placement method. Temperature data from the strip placement method heat
transfer analysis were used for input into the plane stress and plane strain
analyses for the strip placement model.

104. From stress contour plots in Appendix G, higher stressed zones are
near the top of the slab in the middle of the lock chamber, at the upper and
lower corners of the center wall culvert, and at the lower right corner of the
center wall inspection gallery. Random pockets of stress concentrations occur
in the plane strain stress contours around the areas where element cracking
has initiated. Figures 88 and 89 show the stress variation for both analyses
for the upper floor slab 1ift. Stresses for the plane stress model were some-
what higher at this location than the plane strain stresses, 210 psi versus
190 psi, respectively, but each analysis peaked at approximately 175 days and
began to move toward cempression. This trend is similar to behavior at the
same location for analyses performed using mixture 11 properties. The fall in
tensile stress at this section can be attributed to changes in ambient temper-
ature. Figures 90 through 93 compare stresses at various elements in the
other zones of higher stress. Stresses shown in these figures are slightly
higher than stresses from the same location and comparable analyses using
mixture 11 properties and show the same overall tendencies. For a more in-
depth explanation of these tendencies and their causes, please refer to the
section containing OMSTDS1 and OMSTDS1A results.

105. Maximum lateral displacement due to volumetric expansion at the
edge of the slab was 0.0998 in. for node 2669, the interface between lifts 1
and 2, at 22.5 days for the plane stress analysis and was 0.1923 in. for the
same node at 24.5 days for the plane strain analysis. Maximum lateral dis-
placement due to volumetric contraction was 0.3728 in. for node 3437, middle
of 1ift 3, at 234 days for the plane stress analysis and was 0.3378 in. for
the same node at 234 days for the plane strain analysis.

106. No cracking occurred in the plane stress analysis. Cracking in
the plane strain analysis was due to the large out-of-plane stress and began

at 74 days.
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HORIZONTAL STRESS, PLANE STRESS
STRIP METHOD, MIXTURE 6
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Figure 88. Horizontal stress at lift 3, section 3, strip method, plane
stress analysis
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HORIZONTAL STRESS, PLANE STRAIN
STRIP METHOD, MIXTURE 6
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Figure 89. Horizontal stress at lift 3, section 3, strip method, plain
strain analysis
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STRESS (PSI)

HORIZONTAL STRESS., PLANE STRESS & STRAIN

STRIP METHOD, MIXTURE 6
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Figure 90. Horizontal stress at element 993, plane stress and

plane strain analyses
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STRESS, PLANE STRESS
STRIP METHOD, MIXTURE 6
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Figure 91. Stress at element 1216, mixture 6, plane stress analysis
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STRESS, PLANE STRAIN
STRIP METHOD, MIXTURE 6
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Figure 92. Stress at element 1216, mixture 6, plane strain analysis
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STRESS, PLANE STRAIN
STRIP METHOD, MIXTURE 6
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Figure 93. Stress at element 1190, mixture 6, plane strain analysis
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107. Block placement method, Material properties listed in Table 4

were used for input into the user subroutine, UMAT, for plane stress and plane
strain analyses for this placement method. Temperature data from the block
placement method heat transfer analysis were used for input into the plane
stress and plane strain analyses for the block placement model.

108. Stress contour plots in Appendix G indicate high stress zones in
relatively the same areas as for the strip placement method. More random
pockets of stress concentrations occur in the plane strain analysis near
cracked elements. Figures 94 through 97 show results for plane stress and
plane strain analyses for section 2 lift 3, section 3 1lift 2, and section 3
1ift 4., Results presented in these figures show the same tendencies as
described in the mixture 6 plane stress discussion and are comparable to mix-
ture 11 results. All but the plane stress results for section 3 lift 2 show
initial compression for approximately 50 days and then tensile stresses which
peak from 190 to 210 psi at 75 days. Section 3 lift 2 shows tensile stresses
for the first 70 days and then compressive stresses which peak at 150 psi at
205 days.

109. Maximum lateral displacement due to volumetric expansion at the
edge of the slab was 0.1124 in. for node 2925, the middle of lift 2, at 20.5
days for the plane stress analysis and was 0.1432 in. for the same node at
20.5 days for the plane strain analysis. Maximum lateral displacement due to
volumetric contraction was 0.3867 in. for node 3181, the interface between
lifts 2 and 3, at 234 days for the plane stress analysis and was 0.4199 in.
for the same node at 224 days for the plane strain analysis.

110. No cracking occurred in the plane stress analysis. Cracking in
the plane strain analysis was due to the large out-of-plane stress and began
at 80 days. Figure 95 shows stress discontinuities, resulting from stress
redistribution due to analyses induced out-of-plane cracking of nearby
elements, occurring from approximately 160 to 200 days. Cracking in the plane
strain analysis was so pervasive that numerical difficulties arose which pre-
vented completion of the analysis for the last time-step.

111. Comparisons of the placement methods are provided in the stress
plots shown in Figures 98 through 102. These figures show comparisons in the
center wall. Except for element 993, integration point 1, the tensile stres-
ses from the strip placement method show slightly higher values than those for
the block placement method. Since wall placements are identical in both

placement methods, the differences in stress can be attributed to the
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HORIZONTAL STRESS, PLANE STRESS
BLOCK METHOD, MIXTURE 6
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Figure 94. Horizontal stress at 1lift 3, section 2, block method, plane
stress analysis
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HORIZONTAL STRESS. PLANE STRAIN
BLOCK METHOD, MIXTURE 6
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Figure 95. Horizontal stress at lift 3, section 2, block method, plane
strain analysis
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HORIZONTAL STRESS, PLANE STRESS
BLOCK METHOD, MIXTURE 6
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Figure 96. Horizontal stress at lift 2, section 3, block method, plane
stress analysis
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HORIZONTAL STRESS, PLANE STRAIN
BLOCK METHOD, MIXTURE 6
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Figure 97. Horizontal stress at lift 4, section 3, block method, plane
strain analysis
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STRESS (PSI)

HORIZONTAL STRESS., PLANE STRESS
STRIP & BLOCK METHODS, MIXTURE 6
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Figure 99. Horizontal stress at section 4, mixture 6 analyses
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VERTICAL STRESS, PLANE STRESS
STRIP & BLOCK METHOD, MIXTURE 6
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Figure 100. Vertical stress at section 4, mixture 6 analyses
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STRESS. PLANE STRESS
STRIP & BLOCK METHODS, MIXTURE 6
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Figure 101. Stress at element 1190, mixture 6, plane stress analyses
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STRIP & BLOCK METHODS, MIXTURE 6
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Figure 102. Stress at element 1190, mixture 6, plane strain analysis
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different methods of modeling lift interfaces. Comparison of slab stresses at
section 3 shows higher tensile stresses resulting from the strip placement
method. These differences cannot be attributed solely to the different model-
ing techniques, but they reflect more volumetric restraint being applied to
newer lifts in the strip placement method than in the block placement method.
Although stresses were somewhat higher than in the block placement method, the
strip placement models were better behaved and did not resul. in numerical
instabilities. Numerical instabilities, in this case, arise from approxima-
tions made in the numerical model and solution convergence problems due to
cracking, not from the physical model.

112. Except for the plane strain analyses, the block method yielded
larger displacements than the strip method. This is consistent with larger
lifts generating more heat for expansion and then contracting more during
cooling. The plane strain anomaly is due to the numerical difficulties that
resulted from excessive out-of-plane cracking during the plane strain analysis
of the block placement method.

3-D analysis

113. The quarter-symmetrical grid used in the analvsis is shown in
Figure 103. Maximum tensile stresses should occur at the plane of symmetry
transverse to the direction of flow (the front face in Figure 103). All time-
history plots for comparison with 2-D analyses have been taken from elements
in this section, and element numbers are indicated in the figure. Stress
contour plots for specific times are included in Appendix I.

114. Horizontal stresses in lifts 3 and 4 at elements corresponding to
2-D elements at sections 1, 2, and 3 are shown in Figures 104 through 106.

The maximum horizontal tensile stress in the floor section was 181 psi at
approximately 170 days. As can be seen in Figure 107, this was slightly less
than the maximums predicted in either the plane strain or plane stress block
placement analyses. The reason for this becomes apparent when stresses paral-
lel to the axis of flow in section 3 are compared with out-of-plane stresses
at this location in the plane strain analysis (Figures 108 and 109). 1In the
2-D analysis, out-of-plane stress was not affected by interaction with previ-
ously existing concrete, but only by the restraints imposed by the plane
strain formulation. Out-of-plane stress at section 3 in OMSTDS4A was induced
by the total restriction of strain in the out-of-plane direction as discussed
earlier in Part III and increased throughout the analysis to a maximum of

approximately 800 psi. In the 3-D analysis, maximum stress in this direction
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HORIZONTAL STRESS, 3-D
BLOCK METHOD, MIXTURE 11
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HORIZONTAL STRESS, 3-D
BLOCK METHOD, MIXTURE 11
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Figure 105. Horizontal stress at lift 3, section 2, 3-D analysis
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HORIZONTAL STRESSES, TOP OF FLOOR, SECTION 3
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method analysis
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QUT-0F PLANE STRESSES, LIFT 4, SECTICN 3
MIXTURE 11, OMSTDS4A
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Figure 109. Out-of-plane stress at lift &4, section 3,
OMSTDS4A
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was induced by the restraint to volumetric contractions imposed by the exist-
ing concrete and was only 100 psi, and stresses at the top face were compres-
sive for the first 100 days of the analysis. The Poisson’s effect of these
compressive stresses lowered horizontal tensile stresses in the plane of
interest.

115. Since heat flow throughout much of the floor was 1-D, stresses
tended to be fairly constant across a given elevation. Because of this, the
maximum horizontal tensile stress was apvproximately the same at sectioms 1, 2,
and 3. This means that concrete at the vertical joint will be under the same
tensile stresses as the rest of the floor. Horizontal stresses at 1lift 2,
section 2 remain compressive for approximately 30 days, but by 75 days tensile
stresses normal to the vertical joint exist throughout the entire lift. Be-
cause of this, vertical joints must be carefully prepared prior to the placing
of new concrete to ensure that the floor can act as a continuous member in
tension. While reinforcing steel may act to limit the width of the crack if a
joint opens, it cannot be expected to prevent a crack from forming.

116. Stresses at section 4 are shown in Figures 110 through 112. As
expected, compressive horizontal s-vesses were larger in the 3-D analysis and
tensile stresses were lower than in the plane stress or plane strain analyses.
Maximum horizontal stresses at the top of the center wall culvert in the three
analyses are compared in Figure 113. Stresses at the corner of the top open-
ing are compared in Figures 114 through 116. Stresses in the 3-D analysis
were slightly higher than those in the 2-D analyses in these areas, but the

increase in stress did not result in cracking.

Conclusions

2-D analyses conclusions
117. 1In general, similar results were obtained from thermal stress

analyses using both concrete mixtures. Mixture 11 analyses produced slightly
higher stresses in the floor, and mixture 6 analyses produced slightly higher
stresses in the walls. Both mixtures exhibited low early-time modulus and low
shrinkage. However, specific creep strains for cylinders loaded at 1 to 3
days were much larger for mixture 11 than for mixture 6. For a structure
under tension at relatively early times, this high early-time creep is usually
advantageous. Due to the low placement temperature and low shrinkage,

stresses in the top of the W-frame floor were compressive for the first 20 to
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Figure 110. Horizontal stress at section 4, 3-D analysis
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Figure 111. Vertical stress at section 4, 3-D analysis
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HORIZONTAL STRESS, 2-D ELEMENT 983
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Figure 113. Horizontal stress at top of center wall culvert, mixture 11
analysis
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SHEAR STRESS, 2-D ELEMENT 1190
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Figure 116. Shear stress at corner of top opening, mixture 11 analyses
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30 days in all analyses. For a structure under compressive stress throughout
this period, high early-time creep may act to reduce early compressive
stresses, shifting the entire stress-time curve upward into a higher tension
at late times.

118. Since early-time stresses in the floor were primarily compressive,
maximum tensile stresses were due to seasonal fluctuations in ambient tempera-
ture rather than to initial heat rise in the concrete.

119. As expected, plane strain analyses generally produced higher in-
plane stresses than corresponding plane stress analyses. The appropriate type
of analysis depends on the geometry of the structure. A plane strain analysis
is considered to be valid when the out-of-plane length is greater than three
times the in-plane dimensions. This is not the case in the W-frame structure,
and the plane stress results should be more realistic. Plane strain results
should provide an upper bound for tensile stresses.

120. 1In areas of 1-D heat flow, tensile stresses tended to be perpen-
dicular to the direction of heat flow. Stresses in the direction of heat flow
and shear stresses were negligible. Areas of 1-D heat flow included the
fioor, culvert walls, and the top section of the outer wall.

121. Stress concentrations at wall openings in the massive center wall
were due to differential displacements around the openings. These differences
are a result of the variations in the amount of restraint to thermal volumet-
ric changes provided by the concrete and the different rates of cooling for
the two sides of the openings. High tensile stresses at wall openings occur
relatively early after placement of the concrete (within 20 days) and may
indicate problem areas for early-time cracking.

122. All analyses were made usiag the assumption that the structure
would act monolithically. For the block placement method to produce a mono-
lithic structure, the joint between the floor sections must be capable of
sustaining the maximum level of tension in the floor to prevent the joint from
opening. If the joint opens due to tensile stresses at the top, the resulting
crack could propagate downward with time. Although the joint would probably
not open through the entire depth of the floor, the ability of the monolith to
carry stresses across the joint could be seriously affected.

123. In the strip placement method, the top floor joint is also in
tension, and joints at lower elevations experience low tensile stresses at
early times. If these joints do not remain closed, cracking is likely to

occur in lifts above the joints. While this cracking will not prevent the
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structure from acting as a monolith, it can lead to maintenance problems.
Open joints in the floor could fill with silt which would not allow the joint
to close 1f expansion occurred. Cracks in the wall over the center joint
could potentially be exposed to freeze-thaw conditions which would tend to
aggravate cracking.

124. All analyses were based on average ambient daily temperatures. No
attempt was made to simulate short-term perturbations such as a strong cold
front or longer-term variations, such as an unusually cold winter or hot
summer.

125. All results and conclusions apply only for the mixtures and geome-
tries used in the analyses. Additional analyses may be required to determine
the effects of significant changes in mixture proportions or monolith
geometry.

3-D analysis conclusions

126. Stresses predicted in this analysis were slightly lower than those
predicted in the 2-D analyses in the floor and were generally within the
bounds of plane stress and plane strain predictions in the walls. These
results indicate that the 2-D block placement model was a valid approximation
of a 3-D problem. Since tensile stresses in the direction of flow are much
smaller than those transverse to the direction of flow, as shown in both the
2-D and 3-D block placement analyses, tensile stresses normal to the joints
will be lower for the strip placement method. These lower construction joint
tensile stresses coupled with the less critical layout of the construction
joints, transverse rather than parallel to the flow orientation, indicate the

strip method is the preferable method of placement.

Recommendations

127. The assumption of monolithic behavior upon which the analysis is
based is valid for the strip placement scheme but may not be valid for the
block placement scheme. For this reason and the reasons outlined in the con-
clusion section, only the strip placement method need be considered for
Phase II.

128. Due to the difficulty of preparing vertical construction joints in
a manner that will ensure the expected levels of tensile stress across the
joints to be maintained, consideration should be given to reducing the mono-

lith spacing in order to eliminate vertical joints within a monolith.
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129. Based on potential cracking due to plane strain modeling effects,
the complexity of 3-D analyses, and similarity of results from the 2-D plane
stress, 2-D plane strain, and 3-D results, only the 2-D plane stress model
need be considered for Phase II. However, due to unknown effects caused by
banding material parameters, both concrete mixtures should be considered for
Phase II.

130. Final results of Phase II should be compared to Phase I to prove
the validity of using this approach to reduce the number of parameters to
consider in the Phase II study.
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PART IV: PHASE II

General

131. Upon completion of the Phase I analyses, a decision was made by
the U.S. Army Engineer District, Louisville, to decrease the monolith lengths
to 54 ft based on the results from Phase I which indicated tension acting
across the vertical construction joints. Based on this decision, the final
set of analyses were performed on a model without vertical 1lift joints and
included the banding of material properties as required in ETL 1110-2-324
(Headquarters, Department of the Army, 1990). Banding of the material
properties is intended to address uncertainties in mechanical properties due
to variation in testing procedures and any small differences of the mixtures
used in the lab compared to those used in the field.

132. 1In Phase 1I, six additional analyses were performed using mix-
ture 6 properties and four additional anaiyses using mixture 11 properties.
Table 14 lists the load cases considered during the Phase 11 study. Load
cases 1 through 4 for mixture 6 correspond to the required load cases speci-
fied in ETL 1110-2-324. Load cases 1 and 2 were run only for mixture 6 to
minimize the computational effort and because load cases 1 and 2 are used
primarily for purposes of comparison and evaluation of the effects of gravity
and creep and shrinkage. Load cases 5 and 6 were not required by ETL 1110-2-
324. Load case 5 was added because it was felt that this combination of creep
and shrinkage would produce the highest stresses in many instances. Although
load case 6 was not expected to produce the maximum stresses, it was added for
completeness.

133. The maximum and minimum designations for creep and shrinkage shown
in Table 14 indicate adjustments either up (maximum) or down (minimum) to the
curves obtained from testing. The average designation in Table 14 indicates
the curve obtained from test results. For Phase II analyses adjustments of
+10 percent were applied to both the creep compliance and shrinkage curves
obtained in the testing of mixtures 6 and 11. The creep compliance and
shrinkage curves as well as the factored curves are shown in Figures 117
through 119. Decisions on these bandwidths were reached among representatives
of the U.S. Army Engineer Division, Ohio River, the Louisville Distcict, and

WES as reasonably expected variations to the creep and shrinkage curves.
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Table 14
Load Cases for Phase 11 Analyses

Mixture 6
Aging Adiabatic
Load Case Modulus Creep Shrinkage Temp, Rise Mechanical Loads
1 Average None None None Gravity
2 Average None None Average Gravity + Service
3 Average Max. Max. Average Gravity + Service
4 Average Min. Min. Average Gravity + Service
5 Average Min. Max. Average Gravity + Service
6 Average Max. Min. Average Gravity + Service
Mixture 11
Aging Adiabatic
Load Case Modulus Creep Shrinkage Temp. Rise Mechanical loads
3 Average Max. Max. Average Gravity + Service
4 Average Min, Min. Average Gravity + Service
5 Average Min, Max. Average Gravity + Service
6 Average Max. Min. Average Gravity + Service

134. Since the average curve is specified in ETL 1110-2-324 load cases
for the adiabatic temperature rise curve, additional heat transfer analyses
were not required. Heat transfer results from the Phase I strip placement
analyses were used in the Phase II analyses.

135. Analyses in Phase II used the strip method placing scheme, as de-
scribed in Table 9, and a plane stress formulation. In addition, it was
determined that the shrinkage curve obtained in the testing of mixture 11 was
highly unlikely to occur in the field; therefore, for the analyses performed
for mixture 11, the shrinkage curve from mixture 6 was used, which is conser-
vative from an analysis standpoint.

136. The service loading to be applied as specified in Table 14 for
load cases 2 through 6 was included in the analyses at 250 days after the
start of concrete placement. This service load is a normal loading condition
with water and soil elevations as shown in Figure 120. The hydrostatic loads
and soil loads from this condition are shown in Figure 121, as well as the
uplift loading. It should bte noted that the uplift load is somewhat higher
than that due to the river at the elevation shown. This difference is attri-

buted to artisan effects that occur in the area of the Olmsted project.
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MIXTURE 11 CREEP COMPLIANCE CURVE
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Figure 117, Factored creep compliance curve for mixture 11
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137. Time-history plots of the horizontal stress at various integration
points within the structure are used to compare the various analyses. Many of
these points are the same as points that were evaluated in the first phase of
the study. One extra time-history plet is included at the point in the base
slab which exhibited the maximum stress. Integration points at elements
located 5 ft from the land wall in the base slab (elements 503, 665, and 773)
were also added. Stresses at these points will be added to stresses
calculated in seismic analyses. Finally, points in elements 973 and 1125 were
added to provide additional insight into the behavior of the walls of the
monolith. In addition, stress distributions are presented at a section near
the lock chamber center line and at a section 5 ft from the land wall.

138. 1t should also be noted that one of the requirements of ETL 1110-
2-324 for presenting the results of a NISA is the inclusion of strain time
histories. However, strain time histories will not be included in this report

because the strains which ABAQUS outputs directly are total strains and are
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MIXTURE 6 CREEP COMPLIANCE CURVE
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Figure 118. factored creep compliance curves for mixture 6

not strains which are related to real stresses in the structure. The strain
output by ABAQUS is a measure of the displacement occurring within the struc-
ture. The strain used within the UMAT subroutine in its calculations would be
appropriate in evaluating the structure but is not currently available as an
output option.

139. As in Phase I, the results from the mixture 11 analyses are pre-
sented first, followed by presentation of the results from mixture 6 analyses.
While the major points from the two sets of analyses are the same, the presen-
tation of results will differ to provide an opportunity for presenting various

aspects of the results and to avoid repetition from one section to the next.
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Figure 120. Normal service load condition
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Mixture 11 Analyses

140. Results from the four analyses are shown in Figures 122 through
159. In general, tensile stresses for load cases 4 and 5 were higher than
those for the load case 3 and 6 analyses, with maximum tensile stresses occur-
ring in load case 5 at the top of the lock floor. The minimum creep curve was
used in both the load case 4 and load case 5 anmalyses. In both cases,
decreasing the magnitude of the creep compliance curve by a uniform factor
resulted in increased tensile stresses. However, mixture 1l tensile stresses
were slightly higher than corresponding mixture 6 stresses. This may have
been due to the combination of lower early modulus and higher early creep in
mixture 11. This combination would tend to result in lower stresses at early
times when stresses were compressive near the top of the lock floor, possibly
shifting the stress toward tension at later times.

141. Horizontal stress histories at section 3 from Figure 46 are com-
pared with the ETL 1110-2-324 allowable stress in Figures 122 through 124.
The three elements selected are at the base of the floor (element 493), the
center of the floor (element 655), and the top of the floor (element 763).
Maximum floor stresses in the Phase I analyses were produced by the OMSTDS3
analyses. Stresses in element 763 for the Phase II cases are compared with
stresses from the Phase 1 OMSTDS3 analysis in Figure 125. Stresses from the
Phase I analysis fall within the bounds of the Phase I1 analyses. Tabulated
values of tensile stress and percentage of ETL 1110-2-324 allowable stress are

presented in Table 15. Stresses in elements 493 and 655 were either

159




STRESS (PSI)

HORIZONTAL STRESS

ELEMENT 493, INT. PT. 1, MIXTURE 11
600+
4004+ "
l'/
/
200
—— LOAD CASE 3
— - LOAD CASE 4
G- —— |.OAD CASE 5
— - LOAD CASE 6
—— ETL ALLOWABLE
-200—+-
0 50 100 150 200 250
TIME (DAYS)
: Element 493 -'H ,‘3?
%&';&ﬁ;g,.. £ "Jfﬁé
Figure 122. Horizontal stresses, element 493, point 1
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HORIZONTAL STRESS BISTRIBUTION
SECTION 3, DAY 173
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Figure 126. Stress distributions at floor section 3, day 173
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Figure 131. Horizontal stresses, element 750, point 3
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Figure 132. Horizontal stress distribution at section 5
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Figure 134. Horizontal stresses, element 973, point 4
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Figure 136. Horizontal stresses, element 1190, point 3
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VERTICAL STRESS
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Figure 137. Vertical stresses, element 1125, point 4
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Figure 142. Displaced shape at 250 days, load case 5
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Figure 143. Horizontal stress contours, day 95, load case 5
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Figure 144, Vertical stress contours, day 95, load case 5
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Figure 145. Horizontal stress contours, day 183, load case 5
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Figure 146. Vertical stress contours, day 183, load case 5
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HORIZONTAL STRESS, - 500-DAY ANALYSIS
ELEMENT 483, INT. PT. 1, MIXTURE 11
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Figure 152. Horizontal stresses in element 493, point 1,
500-day analysis
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HORIZONTAL STRESS, 500-DAY ANALYSIS
ELEMENT 855, INT. FT. 1, MIXTURE 11
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Figure 153. Horizontal stresses in element 655, point 1,

500-day analysis
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HORIZONTAL STRESS, 500-DAY ANALYSIS
ELEMENT 783, INT. PT. 3, MIXTURE 11
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Figure 154. Horizontal stresses in element 763, point 3,
500-day analysis
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HORIZONTAL STRESS, 500-DAY ANALYSIS
ELEMENT 503, INT. PT. 2, MIXTURE 11
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Figure 155. Horizontal stresses in element 503, point 2,
500-day analysis
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HORIZONTAL STRESS, 500-DAY ANALYSIS
ELEMENT 8665, INT. PT. 2, MIXTURE 11
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Figure 156. Horizontal stresses in element 665, point 2,
500-day analysis
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HORIZONTAL STRESS, 500-DAY ANALYSIS
ELEMENT 773, INT. PT. 4, MIXTURE 11t
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Figure 157. Horizontal stresses in element 773, point 4,
500-day analysis
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Figure 158. Horizontal stress distributions at section 3
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HORIZONTAL STRESS DISTRIBUTION
SECTION 5, MIXTURE 11
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Figure 159. Horizontal stress distributions at section 5
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Table 15

Horizontal Stresses at Elements 763,

Point 3 for Mixture 11

toad Case 3 Load Cese 4 Losd Case & Load Cass 6
Aflowable] % Of % Of % Of % Of
Time § Stress | S Allowable} St Atlowable] Stress |Allowable] Stress |Allowable]
208} 101.0 | -16.2 ———mn -18.7 e -18.2 e -18.7 e
30.0 | 3134 3.4 1.1 -5.7 ——— -3.4 omeee 1.4 0.
38.5 345.9 28.2 8.2 20.0 6.8 22.9 6.6 5.8 7.6
40.0 | 357.8 230.7 8.6 22.7 6.3 25.8 7.2 28.1 7.8
65.8 | 405.0 | 47.7 11.8 39.8 9.8 44.7 11.0 43.6 10.8
68.0 407.6 50.6 124 42.6 10.6 47.6 1.7 48.2 11.3
70.0 | 409.7 66.3 13.5 47.7 11.6 52.8 12.8 §t.0 12.4
80.0 | 419.1 75.0 17.8 68.6 16.4 74.2 17.7 70.3 16.8
90.0 426.9\ 92.8 21.7 87.5 20.6 934 21.9 87.7 20.5
100.0| 4334 § 121.2 28.0 117.8 27.2 124.2 28.7 1156.7 26.7
110.0] 439.0 | 153.9 35.1 152.8 4.8 159.8 36.3 148.1 33.7
119.56] 443.7 | 176.56 39.8 177.5 40.0 18461 41.6 170.4 38.4
1206 448.1 | 194.8| 4356 187.4 44.0 204.5 45.6 1886 ] 42.1
142.6] 483.1 | 227.7 50.2 232.7 61.4 239.9 63.0 2215 48.9
152,61 456.6 | 234.7 §1.4 240.8 62.7 248.1 4.3 228.4 50.0
162.6 | 459.7 243.4 3.0 250.3 64.4 252.7 66.0 2371 51.6
172.6] 462.6 | 268.9 §6.0 268.7 67.7 274.2 58.3 252.5 54.8
182.6] 465.3 ] 268.0] 554 266.1 67.2 273.7 8.8 2518 54.0
192.6] 467.8 | 256.9 54.9 265.1 56,7 272.6] 58.3 260.3 | 6386
2025] 470.1 | 253.8| 54.0 261.9 5.7 269.5 57.3 247.3 52.6
21256] 4723 | 237.3] 502 | 2448 61.8 252.1 63.4 230.7 48.9
222.5] 4743 | 2131 44.9 218.7 46.1 226.4 47.7 206.5 £3.5
2325| 476.2 | 184.4 38.7 188.9 39.6 195.7 41.1 177.8 37.3
242.5] 478.0 | 153.6 321 155.1 324 162.7 34.0 1471 30.8
249.5] 479.2 136.6 28.5 136.4 285 144.1 30.1 130.0 27.1
249.5] 479.2 | 1219 254" | 1218 25.4 129.4 27.0 115.3 24.1

Element 763
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compressive or much lower than the allowable tensile stress, and difierences
in stresses between the four analyses were negligible for these elements.
Therefore, only stresses at the top of the floor in element 763 have been
included.

142. Maximum tensile stress in element 763, integraticn point 3
occurred at 173 days after the start of construction. The minimum tensile
stress predicted at this time was 252.5 psi in locad case 6. The maximum,
274.2 psi, occurred in load case 5. The difference of 21.7 psi was approxi-
mately 8 percent of the average of the four analyses. Since the difference in
the maximum and minimum material properties is 20 percent of the average, it
is obvious that simply factoring the curves will result in differences in
late-time tensile stresses that are small when compared with the differences
in the factors.

143, A comparison of stress distributions at this section at 173 days
for all mixture 11 analyses is presented in Figure 126. Since differences
between the analyses are hard to determine at the scale used in this figure,
no further comparisons of stress distributions between analyses were shown for
mixture 11. Figure 127 is a plot of stress distributions at this section at
day 173, day 250 prior to service loading, and day 250 after service loading
for load case 5. Stresses at this section decreased with time and service
loading.

144, Tensile stresses in the floor at approximately 5 ft from the
inner and outer walls were also plotted, since these locations are where the
largest stresses occurred in the seismic analysis (Bevins, Garner, and Hall in
preparation). Elements 503, 665, and 763 are from the section near the outer
wall, which will be called section 5. Stress histories from theses elements
are compared with the ETL 1110-2-324 allowable stress in Figures 128 through
130. Tensile stresses in element 750, located approximately 5 ft from the
inner wall, are presented in Figure 131,

145. The stresses in these areas show trends similar to those in cor-
responding elements in section 3. Stress distributions from the load case 5
analysis at section 5 are shown in Figure 132. Distributions are plotted at
173 days and before and after adding service loads at 250 days. Tables 16 and
17 contain tabulated values of stress and percentage of ETL 1110-2-324 allow-
able tensile stress for elements 750 and 773.

l46. The maximum tensile stress in all analyses occurred in element

756 at approximately 173 days. Stress histories for the four analyses at this
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point are compared with the ETL 1110-2-324 allowable stress in Figure 133 and
Table 18. Maximum stresses in all analyses are less than 65 percent of the
ETL 1110-2-324 allowable stress.

147. Horizontal stress histories in the center wall are compared with
the ETL 1110-2-324 allowable stress in Figures 134 through 136. Differences
between the four analyses are almost negligible at element 973 (Figure 134)
and element 1190 (Figure 135), and stresses at both locations are primarily
compressive. The largest stress differences occurred in element 993 (Fig-
ure 136). Stresses in this element from the four analyses are presented in
Table 19. The maximum stress difference occurred at approximately 153 days,
with load case 6 producing the minimum predicted stress of 140.6 psi and load
case 5 producing the maximum predicted stress of 160 psi. This difference of
19.5 psi was approximately 13 percent of the average value. As in the floor,
high tensile stresses occurred at relatively late times, and factoring the
creep compliance and shrinkage curves had little effect on predicted results.

148. Vertical stresses at the outer face of the thick center wall sec-
tion were compressive throughout the analyses. Vertical stresses for the four
analyses at element 1125 at the face of the center wall are presented in
Figure 137. High vertical tensile stresces can occur in a thin wall, where
the direction of heat flow is horizontal. However, the center wall, which was
52 ft thick, was placed in 4- to 6-ft lifts at 10-day intervals. Even though
heat flow occurred in two directions, the primary direction of heat flow was
vertical, resulting in horizontal stresses that increased toward the center of
the wall, where horizontal displacement was restrained by the boundary condi-
tions. For this type of heat flow, vertical tensile stresses at the wall face
should be low or nonexistent.

149, This behavior is illustrated in Figure 138, a plot of horizontal
stresses throughout a wall section for load case 4. The highest stresses
occur near the center of the wall in element 1089. Horizontal stresses
decrease as the outer face of the wall is approached at element 1100. The
horizontal stress distribution at 250 days is shown in Figure 139.

150. Plots of the displaced structure at 30, 119.5, and 248.5 days
from the load case 5 analysis are presented in Figures 140 through 142. All
plots use a magnification factor of 50 for displacements. These plots show
the contraction with time of the structure as cooling occurs. As 1s expected,

vertical displacements are small when compared with horizontal displacements.
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Horizontal Stresses at Element

Table 16

750, Point 3

for Mixture 11

Load Case 3 Load Case 4 Load Case § Load Case 8
Allowabile] % Of % of % Of % Of
Time | Stress | Stress |Allowsble] Stress [ANowasble] Stress |Allowable| Stress |Allowablel
20.8 | 101.0 | -168.0 — -18.6 — -17.8 o -18.5 —vene
24.6 § 266.9 | -185 —— -27.7 s -25.9 —— -20.0 —
30.0 | 3134 3.5 1.1 -6.3 - -2.9 — 1.6 0.6
35.0 { 339.% 20.3 6.0 12.0 3.5 14.8 4.4 17.9 6.3
40.0 | 357.8 20.1 8.1 21.0 5.9 24.3 6.8 26.4 7.4
40.8 | 360.0 25.6 7.1 17.3 4.8 20.6 6.7 22.8 6.3
45.0 | 371.1 19.8 6.3 10.6 2.8 14.3 3.9 16.6 4.5
65.8 | 405.0 | 40.8 10.1 30.7 7.6 36.0 8.9 36.3 8.0
88.0 | 407.6 | 440 10.8 33.9 8.3 39.3 9.7 39.3 9.6
70.0 | 4087 | 46.7 1.4 36.6 8.9 42.2 10.3 41.8 10.2
70.8 { 4105 | 42.9 10.6 32.4 7.9 38.2 9.3 37.9 9.2
80.0 | 418.1 66.9 13.6 45.4 10.8 62.2 12.75 61.0 12.2
90.0 | 4269 | 67.9 16.9 66.1 12.9 62.9 14.7 61.1 14.3
100.0] 4334 | 88.8 20.4 76.7 17.5 84.4 19.6 81.0 18.7
110.01 439.0 | 118.3] 265 104.2 23.7 113.7] 259 108.1 24.8
116.0] 441.6 | 1223 | 27.7 110.2{ 25.0 120.1 27.2 113.7 25.8
12961 448,1 | 1636 | 34.3 143.01 31.9 153.6] 343 144.4 | 32.2
162.6| 456.6 | 203.1 4.5 196.2 ] 430 | 207.2§ 454 '103.5 42.4
172.6] 462.6 |} 231.7] 60.1 226.7§ 49.0 | 236.0] 614 | 221.9] 480
1826] 465.3 | 233.3] 50.1 228.7 ] 49.1 | 2401 51.6 | 223.31 480
192.6] 4678 | 234.2| 50.1 2288 | 49.1 241,31 51.6 | 224.21 479
202.5| 470.1 | 232.9 49.5 2284 | 48.6 | 240.0] 811 2228 474
2125| 4723 | 2°8.4 | 48.2 213.1 45.1 224.7| 476 | 208.2] 44.1
2325} 4768.2 | 168.% 35.3 169.% 335 1711 35.9 167.9 | 33.2
249.5] 479.2 | 120.6 25.2 108.2 22.6 118.9 25.0 11041 230
249.5| 479.2 | 160.7 33.5 148.3 ] 31.0 160.0 | 334 150861 31.4

Etement 750
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Table 17

Horizontal Stresses at Element 773, Point 4,

for Mixture 11

Load Case 3 tood Case 4 Load Case & Load Case 6
Aliowable] % Of % Of % Of % Ot
Time | Stross | Strass |Allowable] Stress [Allowable] Stress |Allowable] Strees |Allowable]
20.8 101.0 -14.4 —— -18.5 wv—ee -16.0 amnen -14.8 ——ase
30.0 | 3134 3.0 0.9 -2.8 - -0.7 enan 1.4 0.4
36.5 | 345.9 18.5 5.3 13.3 3.9 15.6 4.6 16.% 4.8
40.0 | 357.8 12.6 3.5 6.6 1.8 8.1 2.6 10.4 2.9
48.0 | an. 9.3 2.5 2.7 0.7 5.5 1.8 6.9 1.9
65.8 | 405.0 19.0 4.7 1.1 2.7 14.8 3.6 16.8 3.9
70.0 | 409.7 31.7 1.7 24.0 5.8 27.8 8.8 28.4 6.9
80.0 | 419.1 40. 8.7 3.1 7.9 37.3 8.9 36.8 8.8
90.0 | 426.9 48.2 11.3 41.0 8.6 45.6 10.7 44.3 10.4
100.0] 433.4 682.7 14.6 66.3 13.0 6t.1 141 8.8 13.6
110.0{ 439.0 82.1 18.7 76.6 17.4 81.6 18,6 77.7 17.7
118.5] 443.7 93.8 21.1 88.9 20.0 94.2 21.2 89.2 20.1
129.6] 448.1 | 107.2 23.9 103.3 23.0 108.5 24.2 102.6 22.8
142.6| 453.1 ] 130.8 28.9 128.2 28.3 133.5 20.5 126.1 27.8
152.5] 456.0 { 134.1 29.4 131.9 28.9 137.3 | 30.1 129.3 268.3
162.6] 459.7 | 139.3| 30.3 137.4 29.9 142.8 31.1 134.6 29.3
172.5] 462.6 | 149.7 324 148.3 | 321 153.8 33.2 144.9 31.3
182.5] 465.3 | 147.1 3.6 145.7 313 151.2 325 142.3 30.8
192.6] 487.8 | 145.2 31.0 143.7 30.7 ‘| 149.2 31.9 140.3 30.0
202.5| 470.3 | 142.1 30.2 { 140.3 29.9 146.9 31.0 137.2 29.2
212.6] 472.3 | 128.9 27.3 126.6 26.8 132.% 28.0 124.0 28.3
222.5] 474.3 | 1106 23.3 107.1 22.6 112.7 23.8 105.6 22.3
232.5] 476.2 89.1 18.7 84.4 12.7 80.0 18.9 84.2 17.7
242.6| 478.0 | 686.4 13.9 60.2 12.6 65.8 13.8 81.6 12.9
249.5] 479.2 3.7 11.2 46.6 9.7 §2.2 10.9 48.8 10.2
248.5] 479.2 | 169.2 33.2 162.1 31.8 167.7 32.9 154.3 32.2
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Table 18

Horizontal Stresses at Element 756, Point 4
For Mixture 11

Load Case 3 Load Cese 4 Load Case S Losd Case 6
Aliowablel % Of % Ot % Ot % Of
Time [ Strees | Stress jAl blej St Allowable] Stress |Aliowable] Stress [Allowables
20.8 } 10t1.0 | -18.0 s -18.5 - -17.9 vnee <165 | -
300} 3134 3.6 1.2 -5.2 e -2.8 —eue 1.7 0.6
36.5 345.9 23.8 6.9 16.7 4.5 18.6 5.4 21.3 6.2
40.0 | 367.8 27.3 7.6 19.3 5.4 22.6 6.3 24.8 6.9
65.8 | 405.0 50.0 12.3 41.7 10.3 46.7 11.5 45.7 1.3
68.0 | 407.6 52.2 12.8 43.9 10.8 491 12.0 47.8 .7
70.0 § 409.7 64.1 13.2 45.8 11.2 51.1 12.5 49.6 12.%
80.0 | 419.1 76.8 18.3 89,1 16.6 76.0 17.9 71.8 17.4
80.0 | 426.9 98.1 23.0 91.0 21.3 87.4 22.8 92.8 21.7
100.0f 433.4 | 130.8 30.2 126.4 28.9 132.2 30.6 124.8 28.8
110.0] 439.0 | 169.3 38.6 166.0 37.8 173.3] 396 183.0 37.1
119.6| 443.7 | 202.6 | 45.7 201.2| 45.3 208.9 47.1 186.0 1 44.2
129.6| 448.1 | 221.1 48.3 221.4 49.4 229.2 51.1 214.3] 478
142.6] 453.1 | 264.2 66.1 267.0 668.7 265.0] 58.5 247.4 64.6
162.6| 456.6 | 261.6 §7.3 265.6 68.2 2736 ] 59.9 254.7 55.8
16261 459.7 | 270.8 58.9 275.4 59.9 283.6 61.7 263.6] 673
172.5] 462.6 | 2688.2 61.9 292,01 63.1 300.2 64.9 279.1 613
182.6| 465.3 { 285.7 61.4 | 2919 82.7 300.2 64.5 278.6 §9.9
192.5( 487.8 | 285.0 60.9 291.3 62.3 299.6 | 64.1 2778} 69.4
202.6] 470.1 | 282.8 60.1 2688.8 61.4 207.0{ 63.2 276.3] 68.6
212.5] 472.3 ! 268.7 56.56 ‘ 2720 57.6 280.4 | 594 2594 549
222.6] 4743 | 243.2] 61.3 2468 ] 521 265.4 53.8 235.8 | 49.7
232.5] 476.2 | 216.2] 45.2 2170} 456 225.4 47.3 207.9 43.7
242.6] 4780 | 186.0] 38.7 184.5 38.6 193.0f 40.4 177.8 37.2
249.6| 479.2 | 1683} 35.1 166.2 34.7 174.7 36.6 161.0 33.6
249.5| 479.2 | 169.9 33.4 167.9 32.9 166.3§ 34.7 152.8 3.8
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Table 19

Horizontal Stresses at Element 993, Point 2
for Mixture 11

Load Case 3 Load Case 4 Load Cese & Losd Case 6

Allowable] % Of % Of % Ot % Of
Time Stress ] Stress JAllowable] Stress |Allowabie] Stress jAllowable Stress jAllowab!le]
70.8 | 101.0 -3.0 | eeeee 3.3 | e “3.2 | e -3.1
74.0 | 248.1 0.0 0.0 0.0 | e 0.3 0.1 0.2 | -
75.0 | 264.7 27.3 10.3 28.3 10.7 28.6 10.8 27.0 10.2
75.8 | 2748 28.3 10.3 29.7 10.8 30.1 1C.9 28.0 10.2
80.0 | 3134 19.9 8.3 215 6.9 220 7.0 19.5 6.2
80.8 | 318.2 34.8 10.9 37.3 1.7 37.7 11.8 34.5 10.8
85.0 | 339.9 77.2 227 35.3 25.1 85.3 25.1 77.2 22.7
80.0 | 367.8 87.1 24.4 97.4 27.2 97.5 27.3 86.9 24.3
95.0 | 371.1 | 101.3 27.3 112.8 0.4 113.2 30.5 100.9 27.2
100.01 381.7 | 105.1 27. 117.8 30.9 118.4 31.0 104.5 27.4
100.8| 383.1 | 108.0 27.7 118.5 30.9 119.2 31.1 105.3 27.5
105.0] 390.4 | 111.8 28.8 124.4 31.9 125.3 32.1 110.7 28.3
110.0] 397.8 | 119.2 30.0 133.1 33.6 134.3 338 118.1 29.7
110.8| 398.8 ! 117.2 28.4 130.9 32.8 132.2 33.2 116.0 29.1
1150 404.1 | 1143 28.3 127.1 315 128.9 .9 112.7 27.9
118.0] 407.6 | 109.4 28.8 121.2 29.7 123.2 30.2 107.5 26.4
1245| 414.2 | 114.8 27.7 126.8 30.6 129.0 311 1124 27.%
13281 421.2 | 1270 30.2 139.6 33.1 142.2 33.8 124.7 29.6
1426¢f 428.6 | 145.8 34.0 169.5 37.2 162.3 37.9 143.3 334
1526} 434.9 | 143.2 32.9 167.1 36.1 160.1 36.8 140.8 32.3
172.5| 445.1 139.7 314 163.3 34.5 156.8 35.2 136.8 30.7
192.5] 453.; | 110.0 24.3 121.8 28.9 125.2 27.8 106.9 23.6
2125 459.7 65.6 14.3 74.4 16.2 77.9 16.9 62.5 13.6
2325| 465.3 2.3 | e -3.8 B 0.3 | e RA-N B
249.5| 4694 | -67.5 aeem -68.8 | - 653 | e -70.7
244.5] 4694 | -82.0 —-ee 834 | - -79.9 | e -85.2 -

%?ﬂ
Elemcnt 893 ;
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Vertical displacements occur for three reasons: (a) the structure is con-
tracting in the vertical direction as it cools, (b) differences in horizontal
displacement and restraint across the floor section result in differences in
vertical pile displacement across the base of the structure, and (c¢) small
differences in pile displacement occur due to the nonuniform gravity load
distribution. For our analyses, bending and stresses due to the dead load of
the structure were small when compared to stresses due to the restraint of
thermally induced strains.

151. Contour plots of stresses in the x and y directions at 94.5 and
182.5 days are presented in Figures 143 through 146. In Figure 144, maximum
vertical tensile stresses are in lifts 13 and 14, the most recently placed
lifts, and are less than 100 psi. This indicates that maximum vertical ten-
sile stresses at the face of the concrete occur approximately 10 to 15 days
after placement of a 1lift and are relatively low. Figures 145 and 146 show
stress contours at approximately the time of maximum stress in the floor.
Horizontal stresses are compressive at the base of the floor and tensile at
the top due to the temperature gradient, the restraint to thermally induced
strains in each 1lift provided by adjoining concrete lifts, and moments induced
by the dead load of the structure. The temperature differential across the
floor at these late times occurred as the base was maintained at a relatively
high temperature while the surface was at roughly ambient temperature.

152. An additional analysis was performed to determine the effects of
including the thermal properties of water in the analysis. The heat transfer
analysis was modified at 250 days by the addition of elements to represent
still water inside the chamber to elevation (el) 300% and outside the land-
side wall to el 285. Soil was also included at the land-side wall to el 280,
Water in the culverts under 15 ft of head has a velocity of 8.6 ft/sec and was
simulated by changing the culvert wall film coefficients to 85.4 Btu/day-
in%°F, This film coefficient was calculated using the Nusselt equation, an
empirical equation for turbulent flow in a duct. A record of water tempera-
ture versus time for the Ohio River at a location slightly upstream of the
Olmsted site was provided by the USAED, Louisville. The water temperature
curve roughly paralleled the ambient air temperature curve, with an approxi-

mate 30-day offset. Except for a short period, the minimum water temperature

* All elevations (el) cited herein are in feet referred to the National
Geodetic Vertical Datum (NGVD).
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was near 40 °F, Since the curves were so similar, the ambi~.I water tempera-
ture for the analysis was obtained by shifting the ambient air temperature
curve by 30 days and using a minimum 40 °F temperature. A plot of ambient air
and water temperature curves used in the analysis and river water temperature
obtained from the Louisville District is shown in Figure 147. Thermal proper-

ties for water used in the analysis are given in Table 20.

Table 20
Thermal Properties for Water

Property Value
Density, 1lb/in3 0.0361
Specific heat, Btu/lb-°F 1.001
Thermal conductivity, 0.700

Btu/day-in.2-°F

153. After the addition of the wsater elements at 250 days, the heat
transfer analysis was continued for an additional 250 days. Temperature con-
tours from this analysis at 250, 306, 424, and 501 days are shown in Figures
148, 149, 150, and 151. These figures show the gradual dissipation of the
thermal gradient in the floor.

154. A stress analysis was performed using the temperatures at nodes
from the heat transfer analysis as the thermal loading. As in previous analy-
ses, the service loads were applied at 250 days, and the analysis was contin-
ued for an additional 250 days. Stress histories at sections 3 and 5 are
shown in Figures 152 through 157, and stress distributions at 173, 250, and

500 days are shown in Figure 158 and 159.

Mixture 6 Analyses

155. In the evaluation of the time-history plots shown in Figures 160
through 172, it is easily seen that for the load cases which include creep and
shrinkage (load cases 3 through 6) there is very little difference in behavior
from one load case to the next. To quantify the difference created by chang-
ing the bounds of the creep and shrinkage, the difference at the maximum ten-
sile point in the slab can be used to illustrate the change by couwparing the

case providing the highest tensile value to the case providing the lowest
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STRESS (PSI)

HORIZONTAL STRESS

ELEMENT 493,

INT. PT. 1, MIXTURE 6

— - ETL ALLOWABLE

CASE
CASE
CASE
CASE
CASE
CASE

600+
e ——— — LOAD
4004 —~— — - LOAD
—= LOAD
— - LOAD
—-= LOAD
— LOAD

-400 { t } } i }
0 50 100 150 200 250 300
TIME (DAYS)
Element 493
Figure 160. Horizontal stresses, element 493, point 1
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STRESS (PSI)

ELEMENT 503,

HORIZONTAL STRESS

INT. PT. 2, MIXTURE 6

~— - ETL ALLOWABLE

6001+
e ———— — LOAD
400+ ~—— — - LOAD
< —- LOAD
I/ — - LOAD
2oo+ —-- LOAD
— LOAD
~-200-1+
-4004+—1 : } : : {
0 50 100 150 200 250 300
-TIME (DAYS)
Figure 161. Horizontal stresses, element 503, point 2
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STRESS (PSI)

HORIZONTAL STRESS

ELEMENT 655, INT. PT. 1. MIXTURE b
SOOJ-
— - ETL ALLOWABLE
e ——— —— |LOAD CASE 1
4004+ - — - LOAD CASE 2
7 —- LOAD CASE 3
/ — - LOAD CASE 4
200~-I —--- LOAD CASE 5
| — LOAD CASE 6
l
o1+ e~
-200+
-400 } } + { } }
0 50 100 150 200 250 300
TIME (DAYS)
Figure 162. Horizontal stresses, element 655, point 1
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HORIZONTAL STRESS
ELEMENT 665, INT. PT. 2, MIXTURE 6

STRESS (PSI)

600+
— - ETL ALLOWABLE
e —— —— LOAD CASE 1
400+ - — - LOAD CASE 2
7 —- LOAD CASE 3
I/ — - LOAD CASE 4
—-- LOAD CASE 5
2004+
0 | —— LOAD CASE 6
|
o+ o=
-200-4
-400 } } 4 } - }

0 50 100 150 200 250 300
TIME (DAYS)

nnnnnnnn
.....

i i
§ Etement 005 [

Figure 163. Horizontal stresses, element 665, point 2
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STRESS (PSI)

HORIZONTAL STRESS
ELEMENT 750, INT. PT. 3, MIXTURE 6

600+
— - ETL ALLOWABLE
e —— —— LOAD CASE 1
4004 - — - LOAD CASE 2
d —- LOAD CASE 3
/ — - LOAD CASE 4
200+ , —--- LOAD CASE 5
—— LOAD CASE 6
0_..
-2004
-400 } } } i }

[
0 S50 100 150 200 250 300
TIME (DAYS)

Figure 164. Horizontal stresses, element 750, point 3
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STRESS (PSI)

HORIZONTAL STRESS

ELEMENT 756, INT. PT. 4, MIXTURE 6

600+

400+

200+

o
|

1

=-200-

— - ETL ALLOWABLE

—— LOAD CASE
— - LOAD CASE
—- LOAD CASE
— - LOAD CASE
—-= LOAD CASE
— LOAD CASE

~-400

Figure 165.

50

100 150 200 250 300
TIME (DAYS)

Elorent 756

Horizontal stresses, element 756, point 4
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STRESS (PSI)

HORIZONTAL STRESS
ELEMENT 763, INT. PT. 3, MIXTURE 6

6001
— - ETL ALLOWABLE
— LOAD CASE 1

4004 — - LOAD CASE 2
—= LOAD CASE 3
— - LOAD CASE 4

200+ —--- LOAD CASE 5
— LOAD CASE 6

0+
-200-1
-400 : : ' : J :

0 50 100 150 200 250 300
TIME (DAYS)

Element 763

Figure 166. Horizontal stresses, element 763, point 3
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STRESS (PSI)

ELEMENT 773,

HORIZONTAL STRESS

INT. PT. 4, MIXTURE 6

— - ETL ALLOWABLE

600}
e —— —— LOAD
400+ - — - LOAD
// —= LOAD
— - LOAD
200} ’ —--- LOAD
| —— LOAD
' _”
0""' - _’o—' ~
-200-
-400 —
0 S0 100 150 200 250 300

TIME (DAYS)

Element 773 Hil

— it

CASE
CASE
CASE
CASE
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CASE

Figure 167. Horizontal stresses, element 73, point 4

210

OMAH WN -




HORIZONTAL STRESS
ELEMENT 973, INT. PT. 4, MIXTURE 6

STRESS (PSI)

600+
— - ETL ALLOWABLE
e —— —— LOAD CASE 1
400+ P — - LOAD CASE 2
d —- LOAD CASE 3
/ — - LOAD CASE 4
sood ! —-- LOAD CASE 5
] —— LOAD CASE 6
' )
0t - T T T -
-200-4
-400 : { : : % —
0 50 100 150 200 250 300

TIME (DAYS)

Eloment 973 T

Figure 168. Horizontal stresses, element 973, point 4
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STRESS (PSI)

HORIZONTAL STRESS
ELEMENT 993, INT. PT. 2, MIXTURE 6

6004
— - ETL ALLOWABLE
_ — ——— —— LOAD CASE 1
4004 - — - LOAD CASE 2
d —- LOAD CASE 3
/ — - LOAD CASE 4
2004 I —--= LOAD CASE 5
- —— LOAD CASE 6
o—-v-
-200+
-400 ] ‘ ' : + ]

0 50 100 150 200 250 300
TIME (DAYS)

Element 993

Figure 169. Horizontal stresses, element 993, point 2
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STRESS (PSI)

ELEMENT 1125,

HORIZONTAL STRESS

INT. PT. 4, MIXTURE 6

— - ETL ALLOWABLE

600+
400+ P — - LDAD
- —- LDAD

/ — - LOAD

200+ I —-= LOAD
| — LOAD
|

o-_ l tE ———————
-200-+
-400 } } } } } }
0 50 100 150 200 250 300

TIME (DAYS)

Elemant 1125
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CASE
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Figure 170. Horizontal stresses, element 1125, point 4
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STRESS (PSI)

'HORIZONTAL STRESS
ELEMENT 1190, INT. PT. 3, MIXTURE 6

600+
— - ETL ALLOWABLE
_ _ —— — LDAD CASE 1
4001+ P — - LOAD ZASE 2
// —- LOAD CASE 3
— - LOAD CASE 4
200+ I —--- LOAD CASE S
| —— LOAD CASE 6
S AN
O-‘r— \.:-\ ——
200+
-400 } | | } }

1
0 SO 100 150 200 250 300
TIME (DAYS)

Elemant 1190 %
H

Figure 171. Horizontal stresses, element 1190, point 3
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ELEMENT 1125, INT. PT. 4, MIXTURE 6

VERTICAL STRESS

600
— - ETL ALLOWABLE
_———=———" —— LOAD CASE 1
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Figure 172. Vertical stresses, element 1125, point &4
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tensile value. As seen in Figure 165, the maximum tensile stress for ele-
ment 756 from load case 5 is 259.0 psi, while the minimum tensile stress from
load case 6 is 242.0 psi. This difference in stress is a total change of

6.8 percent. Likewise at element 493, whicia shows the maximum compressive
stress of the points presented, the stress is -213.5 psi from load case 5 and
-202.4 psi from load case 6 which provides a change of 5.3 percent. These
differences indicate that the 20 percent change in the creep and shrinkage of
the mixture do not provide a similar change in the stress.

156. Sudden jumps in stress at 250 days can be seen in Figures 160
through 167 and are a result of the application of service loads. Service
loads were applied in an effort to determine results of combining the service
loads with temperature loads. As was discussed previously, load case 5 for
mixture 11 provided the highest tensile stresses, and therefore the applica-
tion of service loads was continued to day 500, and results are included under
the discussions for mixture 11.

157. While differences tended to be small from load case to load case,
for the load cases containing creep and shrinkage, load case 5 (minimum creep
and maximum shrinkage) provided the highest stresses in areas experiencing
tensile stresses. This can be seen clearly in Figures 165 and 166. A case
witt the minimum amount of creep and the maximum amrint of shrinkage such as
load case 5 should be expected to be the controlling case in most instances.
The fact that lower levels of creep will produce higher tensile stresses in a
NISA can be seen in Figures 165 and 166 by the fact that load case 2, which
has no creep and shrinkage, produces the highest tensile stresses.

158. The effects of creep can be seen in Figures 173 and 174 where
Figure 173 is an enlarged portion of Figure 164 and Figure 174 is an enlarged
portion of Figure 165. 1In Figure 173 the relaxation of compressive stresses
is illustrated by the large gap between the curve for load case 2 which con-
tains no creep and the curves for load cases 3 through 6. The effect of creep
is further seen by the fact that load cases 4 and 5, which are cases of mini-
mum creep, are beneath load cases 3 and 6, which are cases of maximum creep.
The differences between load cases 4 and 5 and load cases 3 and 6 can be
attributed to creep. In Figure 174 the relaxation of tensile stresses can be
seen by the higher rate of change of stress with respect to time for load case
2 as compared to the load cases which contain creep. A close look at the plot
will also reveal that stresses associated with load cases 4 and 5 are changing

at faster rate than those associated with load cases 3 and 6, which once again
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Figure 173. Window of horizontal stresses, element 750, point 3
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STRESS (PSI)

HORIZONTAL STRESS

ELEMENT 756, INT. PT. 4, MIXTURE 6
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Figure 174. Window of horizontal stresses, element 756, point 4
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can be attributed to the difference in creep between these two sets of load
cases.

159. Another item which becomes evident through the review of the
plots in Figures 160, 161, 164, 165, 166, and 167 is that the contribution of
gravity, as shown by load case 1, to the overall stress in the base slab is
not very large. The effects of temperature, particularly the ambient tempera-
ture, are the dominant factor in the structural behavior. This is best i{llus-
trated in Figure 164 where at approximately 75 days the effect on the stress
due to gravity load (load case 1) is to cause a decrease in stress at the top
of the base slab, yet the curves which include thermal loading continue to
rise. 1In addition, looking at Figure 165 and comparing the maximum stress for
the controlling case (load case 5) to the stress due to gravity loading shows
that the stress due to gravity is only 33 percent of the total stress.

160. Figures 164, 165, 166, and 167 support the statements made in the
first phase of the report with regard to the ambient temperature driving the
behavior of the stresses in the slab. As previously stated, the final lift is
placed at 115 days at which time the curve for load case 1 remains at a con-
stant stress, yet the curves for load cases 2 through 6 continue to rise and
after 200 days begin to fall. The point where the stresses reach their peak
corresponds closely with the coldest period of the ambient temperature curve.

161. As was seen in Phase I of the study, stresses in the wall are
low. Horizontal stresses in the wall are shown in Figures 168, 169, 170, and
171, and a plot of vertical stress at the chamber face is shown in Figure 172.
Figures 169 and 171, plots at elements 993 and 1190, respectively, do have
some tensile stresses of significance. At element 993 the tension is a result
of bending and restraint between the two side walls, and the tension at ele-
ment 1190 can be attributed primarily to its close proximity to the corner of
the gallery. 1In general, the plots of the stresses in the wall remain low
compared to the stresses in slab.

162. Another item which is easily identified when reviewing the time-
history plots in Figures 160 through 172 is that at no time in the analysis do
the stresses approach the allowable stress outlined in ETL 1110-2-324 (Head-
quarters, Department of the Army, 1990). This is given in tabular form for
elements in the top of the slab and element 993 above the culvert in Tables 21
through 25. As was mentioned previsusly, the maximum point of stress in the
monolith was element 756, and the load case providing the highest tensile

stresses was load case 5. Looking at element 756 of load case 5 in Table 22,
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| I
Table 21
orizontal Stresses at Element 750, Point 3
for Mixture 6
toad Case ! Load Case 2 Load Case 3 Load Cste 4 Load Case 6 Load Case 6
Allowablej % Of % ot % Of % Of % Ot % Ot
Time | Stress | Stress {Alowat's| Stress jAllowable] Stress |Allowable] Stress |Allowablel Stress jAllowable] Stress [Allowable)
20.8 ] 101.0 19.4 18.2 -51.1 — -59.3 —-ue -65.0 { - -63.7 s -60.5 —
24.6 | 256.9 19.5 7.6 -46.1 —-— -31.7 —— -43.2 o -40.5 e -34.1 R
30.0 { 3134 19.6 6.2 -36.8 " -14.7 e -26.5 eee -23.1 oy -17.7 o
35.0 | 239.9 19.2 5.6 -32.9 owene -3.8 voree -15.9 uene -11.9 s -7.3 e
40.0 | 357.8 19.9 6.6 -31.8 o 4.5 1.3 -7.8 § - -3.3 et 0.6 0.2
40.8 | 360.0 16.7 4.6 -40.2 e -2.8 neen -15.4 e 109 | -~ -6.8 ————
45.0 | 37111 13.7 3.7 -53.6 o -5.6 R -18.3 e -14.3 e -10.0 e
49.5 | 380.7 19.7 5.2 -53.9 o 1.7 0.5 -12.% —veve -7.1 —— -3.0 -
61.5 | 399.8 19.7 4.9 -68.5 e 1.1 2.8 -3.8 - 2.5 0.6 5.7 1.4
70.0 | 409.7 26.2 6.1 -62.9 wese 21.9 5.3 6.9 1.7 13.7 3.4 16.9 39 |
70.8 | 410.5 24.1 5.9 -66.8 e 9.7 2.4 -6.8 — 1.1 0.3 3.6 0.9
80.0 | 419.1 21.4 6.1 -55.1 enen 30.8 7.3 14.0 3.3 22.0 6.2 23.% 6.6
90.0 | 426.9 16.0 3.8 -64.9 —— 38.7 9.1 20.6 4.8 29.6 6.9 30.8 7.2
100.0 j 433.4 8.8 2.0 -37.2 e 67.7 13.3 39.3 9.1 48.1 11.3 49.1 11.3
110.0| 438.0 0.7 0.2 -11.2 — 81.8 18.6 63.8 14.5 74.4 16.9 72.6 16.5
115.0| 441.68 -5.3 ——- -6.1 o 87.0 19.7 68.8 15.6 79.8 18.1 77.4 17.65
129.5] 448.* | -11.8 o 34.3 7.6 117.4 26.2 100.8 22.5 112.2 25.0 107.4 24.0
162.5] 456.6 | -11.8 o 109.0 23.9 163.7 35.9 150.8 | 33.0 162. 35.6 153.4 | 336
172.5] 462.6 | -11.8 eves 160.2 | 325 189.1 40.9 178.1 38.5 180.1 41.1 17866 | 38.6
182.5| 465.3 | -11.8 o 164.9 | 333 189.5 | 40.7 1789 | 385 191.0] 41.1 178.8 | 2385
192.5]| 467.8 | -11.8 e 156.7 | 335 1895 405 179.1 38.3 161.2 40.9 178.9 38.2
202.5| 470.1 | -11.8 e 156.0| 33.0 18741 399 177.0| 37.7 189.2 40.2 176.8§ 37.6
2126| 4723 | -11.8 —" 1364 | 289 173.21 36.7 162.1 34.3 174.3 | 36.9 162.6 34.4
2325| 476.2 | -11.8 e 64.4 13.5 126.2 26.3 110.8 23.3 123.1 26.8 114.5 24.0
250.5| 4794 | -11.8 oeen -19.3 oere 73.8 15.4 65.5 11.6 67.8 14.1 63.1 13.2
250.5| 479.4 weeee — 19.5 4.1 112.6 23.5 94.3 19.7 106.6 22.2 101.9 21.3

Element 750
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Table 22

Horizontal Stresse e 6, Point 4
for Mixture 6

Load Case ! Load Case 2 Losd Case 3 Load Case 4 Load Case & Load Case 6
Allowable} % Of % Of % Of % Of % Ot % O1

Time | Strass | Stress JAllowable] Stress jAllowable] Stress |Allowable} Stress JAlowablel Stress JAllowablet Stress | Allowablel
20.8 | 101.0 | 19.4 19.2 -651.2 o -59.5 o -65.1 o -63.9 eeen 80,71
30.0 § 313.4 19.5 6.2 -37.0 —onae -14.8 enee -26.5 o -23.0 —eae -17.6 e
36.5 | 5.9 19.2 5.6 -31.4 e -0.1 e -12.3 - -8.2 oo -3.7 e
400 | 3578 | 19.5 5.5 -34.1 e 2.6 0.7 -9.8 o -5.4 - -1.3 —vone
49.5 | 380.7 | 33.1 8.7 -31.4 amnn 18.0 4.7 6.1 1.3 10.3 2.7 13.4 35
61.5 | 399.8 | 331 8.3 -38.3 e 23.5 6.8 10.2 2.6 16.2 4.0 18.3 4.6
70.0 | 409.7 | 344 8.4 -34.1 - 31.9 7.8 18.8 4.6 25.1 8.4 28.3 6.4
80.0 | 419.1 43.9 10.5 -12.5 e 54.5 13.0 41.9 10.0 48.8 11.8 48.5 11.6

90.0 | 426.9 53.1 12.4 8.9 2.1 74.9 17.% 62.8 14.7 70.2 16.4 68.5 16.0

100.0} 4334 61.9 14.3 48.3 11.2 106.8 24.6 96.3 22.2 104.1 24.0 100.1 231

110.0] 439.0 71.7 16.3 93.2 21.2 142.8 325 134.2 30.6 142.4 32.4 135.7 0.8

119.656 | 443.7 86.0 19.4 133.2 30.0 176.3 39.5 168.5 38.0 177.1 39.9 167.9 37.8

129.5] 448.1 86.0 19.2 165.7 37.0 192.3] 429 187.4 41.8 196.0 | 43.7 185.0§ 413

1426 | 453.1 86.0 19.0 217.3 48.0 222.7 49.2 220.4 48.7 229.0 60.5 216.3 47.5

162.6| 456.6 86.0 18.8 233.6 | 61.2 228.7 50.1 227.6 49.8 236.2 51.7 221.3] 4858

162.6 | 459.7 86.0 18.7 248.6 54.0 236.0 51.3 238.7 61.3 244 .4 63.2 228.6 49.7

1725 462.6 86.0 18.6 270.3 58.4 249.5 63.9 250.2 54.1 259.0 66.0 241.9 52.3

182.5| 465.3 86.0 18.5 272.8 $8.6 247.8 53.3 248.8 53.% 267.7 66.4 240.2 61.6

1925| 467.8 86.0 18.4 272.7 68.3 246.1 52.6 247.2 52.8 256.1 64.8 238.4 $1.0

202.5] 470.1 86.0 18.3 269.5 67.3 242.9 61.7 2439 51.8 252.8 53.8 235.2 50.0

2125 472.3 86.0 18.2 249.3 52.8 227.4 48.2 227.7 48.2 236.6 50.1 219.8 46.5

222.5| 474.3 86.0 18.1 216.4 45.6 204.9 43.2 203.7 42.9 212.6 44.8 197.2 41.6

232.5| 478.2 86.0 18.1 175.4 36.8 178.3 37.4 175.2 36.8 184.2 38.7 170.6 35.8

2426 478.0 86.0 18.0 129.6 27.1 150.0 31.4 144.7 30.3 163.6 321 142.3 29.8

250.6| 479.4 86.0 17.9 92.1 19.2 127.7 26.6 120.6 25.2 129.6 27.0 120.0 25.0

250.5| 479.4 —--- wmaen 83.9 17.5 119.5 24.9 112.4 23.4 121.3 25.3 111.8 23.3

H
Ei
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Table 23

o] ont tresses a ement o t
o ture 6
Load Case 1 Load Case 2 Load Case 3 Load Case 4 Load Csse 5 Load Case 6
Allowablei % Of % Ot % Of % Of % Of % Of
Time | Stress | Stress JAllowable] Stress |Atlowablel Stress [Allowablel Stross [Allowable] Stress |Allowablel Stress (ANowsbie
20.8 | 101.0 19.6 19.4 -52.3 — -60.9 e -66.7 o -66.4 o~ -62.1 o
30.0 | 313.4 19.7 6.3 -38.9 — -16.3 — -271.6 ——— -24.2 o -18.3 e
365 | 3469 27.1 7.8 -27.7 e 3.7 1.1 -8.8 e -4.6 — 0.1 0.0
40.0 § 357.8 | 27.1 7.6 -31.4 e 5.2 1.6 7.4 ——- -2.9 —~— 1.4 0.4
49.5 | 380.7 | 30.8 8.1 -33.8 e 14.9 3.9 2.1 0.5 7.2 1.9 10.4 2.7
61.5 ]| 399.8 }] 308 7.7 ~40.9 o 20.2 5.0 6.9 1.7 12.8 3.2 16.1 3.8
70.0 | 409.7 | 38.6 9.4 -30.5 eve 33.3 8.1 20.4 5.0 26.7 6.5 27.9 6.8
80.0 | 418.1 46.3 1.1 -6.5 o $3.0 12.7 41.4 9.9 48.0 11.6 47.3 11.3
90.0 | 42689 | 54.3 12.7 15.1 3.5 70.3 16.5 59.8 14.0 66.7 16.6 64.3 16.1
100.0] 4334 | 60.9 14.0 53.3 12.3 88.0 22.8 89.4 20.6 96.7 22.3 81.7 21.2
110.0] 439.0 { 67.4 15.4 94.3 21.% 12831 29.2 1218 278 129.4 29.5 121.8 27.7
119.5 | 443.7 73.8 16.6 126.3 ] 28.2 150.0] 338 145.5 32.8 153.4 34.6 143.2 32.3
129.5] 448.1 73.6 16.4 152.0| 35.0 166.8 | 37.2 164.1 38.6 172.0f 384 160.0 { 35.7
142.6{ 4531 73.6 16.2 | 207.6 ] 45.8 196.9 | 435 196.8 ] 434 | 204.7] 45.2 190.1 42.0
1562.5] 466.6 | 73.6 16.1 222.8| 488 | 2026 444 2034 | 445 21141 483 195.7 1 429
162.5] 459.7 | 73.6 16.0 2365] 61.4 | 209.6| 45.6 | 211.2} 45.9 219.3 | 47.7 202861 44.1
172.6] 4628 | 73.6 16.9 2576 § 5.7 | 2230 48.2 2266 488 | 233.7| 506 216.0 | 46.7
182.6] 465.3 | 73.6 16.8 | 26891 656 | 2209 | 475 223.9( 48.% 23201 49.8 213.9 ] 480
192.5| 467.8 | 73.6 15.7 257.8| 65.1 2189 ] 468 2219 47.4 230.1 48.2 211.9] 463
20251 470.1 73.6 156 | 263.8] 540 | 2163 458 218.1 46.4 2263 § 48.1 208.2 | 44.3
212561 4723 | 73.6 165.6 | 232.7f 49.3 | 199.2] 42.2 201.2] 426 | 2094 443 192.1 40.7
222651 474.3 | 73.6 15.% 199.1 42.0 176.0} 2371 176.5 37.2 184.8 ] 39.0 16891 35.6
23251 476.2 | 73.6 15.4 1574 | 33.0 1488} 31.2 14741 310 166.6{ 32.7 141.7 29.8
242.5{ 4780 | 73.6 15.4 111.2 23.3 | 1198 25.1 116.3 24.3 1246 26.1 112.8 23.6
250.5| 4794 73.6 15.3 73.6 15.4 87.2 20.3 91.9 19.2 100.1 20.9 90.1 18.8
250.5} 479.4 ——een - 69.5 12.4 83.1 17.3 77.7 16.2 86.0 17.9 76.0 15.9
fi
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Table 24

Horizontal Stresses at Element 773, Point 4

for Mixture 6
Losd Case 1 Load Case 2 Load Case 3 Load Case 4 Load Case & Load Case 6
Atiowabiel % Of % Of % Of % Of % Of % Of
Tune Stress | Stress AllowabloJ Stress [Allowablel Stress JAllowable] Stress [Allowable! Stress [Aliowable Stress AnownMJ
20.8 101.0 17.6 17.5 -41.3 e -48.2 ——— -50.2 [t -49.2 —— -47.2 —
30.0 313.4 18.4 5.9 -18.3 ———— -9.0 e -16.0 —— -13.3 = -11.3 ——
36.5 345.9 32.8 9.5 -7.9 e 2.9 0.8 -4.1 - 0.9 e 0.1 0.0
40.0 § 357.8 { 327 9.1 -17.8 o -1.1 ——— -8.8 ——— -5.4 o 4.1 —n
49.5 380.7 32.4 8.5 -30.0 — -2.% o -11.3 e -7.4 o -8.0 -
61.5 § 399.8 | 324 8.1 -37.8 — 0.9 o -10.8 e -6.2 e -4.9 e
70.0 | 409.7 50.8 12.4 -18.9 ——n 18.7 4.6 9.1 2.2 13.8 3.4 14.5 3.6
80.0 | 4191 49.8 11.8 -8.6 e 27.6 6.8 18.3 4.4 23.4 5.6 23.0 5.5
90.0 | 426.9 48.5 11.4 -0.6 o 34.9 8.2 25.9 6.1 31.2 7.3 30.2 7.1
100.0| 433.4 468.3 10.7 18.3 4.2 49.4 11.4 41.1 9.5 46.7 10.8 44.5 10.3
110.0] 439.0 45.6 10.4 41.2 9.4 67.6 16.4 60.2 13.7 66.0 16.0 62.4 14.2
119.5] 443.7 45.4 10.2 56.0 12.8 798.2 17.8 72.4 16.3 785 17.7 73.8 16.8
129.5] 448.1 45.4 10.1 768.5 17.1 92.2 20.6 86.6 19.3 82.4 20.6 86.8 19.4
142.5| 453.1 45.4 100 11100 243 {1146 25.3 | 1103] 243 | 1163} 26.7 109.2 1 24.1
162.5] 456.6 45.4 10.0 117.0 25.8 117.3 25.7 113.6 24.9 119.6 26.2 112.0 24.5
162.5] 459.7 | 454 9.9 1244} 271 1219 ]| 26.5 118.3| 25.7 1244 | 27.% 1164 | 25.3
172.5f 462.6 45.4 9.8 137.% 29.7 131.3 28.4 128.3 27.7 134.4 29.1 126.9 27.2
1825) 465.3 | 454 9.8 135.41 29.% 1284 ) 27.8 125.4) 27.0 131.6 28.3 122.9 26.4
19251 467.8 | 454 9.7 1326 | 284 | 12862} 27.0 123.1 26.3 1293} 27.6 120.7 | 25.8
202.5| 470.1 45.4 9.7 128.2 27.3 122.8] 26.2 119.7 25.5 125.9 26.8 11744 250
212.5] 472.3 45.4 9.6 111.2 23.6 110.3 23.4 106.4 22.5 112.6 23.8 104.8 22.2
222.5| 474.3 45.4 9.6 86.3 18.2 92.7 19.5 87.8 18.5 84.0 19.8 87.2 18.4
232.5% 476.2 45.4 9.5 56.5 11.9 72.3 18.2 66.2 13.8 72.4 16.2 66.8 14.0
242.5] 478.0 45.4 9.5 24.2. 5.1 50.8 10.6 43.3 9.1 49.5 10.4 45.3 2.5
250.5( 4794 45.4 8.6 -1.6 L 3.1 7.1 255 6.3 31.7 6.6 28.6 6.0
250.5] 479.4 ——een - 100.0 20.9 135.7 28.3 127.1 26.% 133.3 27.8 130.2 27.2
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Table 25

oxizo tyesse empe 993 ecint
fo ixture
Load Case 1 Load Case 2 Load Case 3 Load Case 4 Load Case § Load Case 6
Allowable| % Of % Of % Of % Of % Of % Of
Time | Stress | Stress |Allowable] Stress jAllowable] Stress Allowable] Strass jAllowable] Stress |Allowsble] Stress | Allowable)
70.8 { 101.0 2.1 2.1 -7.0 e -7.0 ovaar -7.8 | - -7.5 ——eem -7.2 e
74.0 | 248.1 1.7 0.7 -3.0 ueee 1.7 § - -2.3 { -2.0 | e -2.0 o
75.0 | 264.7 1.7 0.6 25.0 9.5 23.4 8.9 235 8.9 23.9 9.0 23.0 8.7
75.8 | 274.9 11.7 4.2 28.8 10.5 25.6 9.3 28.0 9.5 26.5 9.6 25.2 9.2
80.0 | 313.4 8.7 2.8 19.2 6.1 16.6 5.3 17.3 5.5 17.7 5.7 16.2 5.2
80.8 | 318.2 5.7 1.8 58.8 18.5 68.8 18.5 61.7 19.4 61.9 19.4 $8.7 18.4
85.0 | 339.9 9.3 2.7 1068} 314 83.5 24.6 91.5 26.9 91.3 26.9 83.6 24.6
80.0 | 357.8 12.2 3.4 120.6 | 33.7 87.7 24.5 97.4 27.2 97.4 27.2 87.7 24.5
95.0 { 371.1 18.9 5.1 14671 395 106.4 28.7 117.3] 31.86 117.6 | 31.7 106.2 |1 28.6
100.0) 381.7 23.4 6.1 159.71 418 | 110.8] 29.0 123.2 323 | 1236} 324 110.3 | 28.9
100.8| 383.1 27.9 7.3 153.3 | 40.0 103.5 27.0 115.2 30.1 11681 30.2 102.9 26.9
105.0§ 3904 28.5 7.3 167.6] 42.9 1186.7 29.9 1288] 33.0 129.6 | 33.2 115.9 29.7
1100 397.8 | 285§ 7.2 178.7 | 44.9 121.7]1 30.6 135.1 34.0 136.1 34.2 120.7 30.3
110.8] 3568.8 | 345 8.7 165.1 41.4 106.6 26.7 118.8] 29.8 120.1 30.1 105.4 26.4 |
115.0] 404.1 42.6 10.5 166.1 41.1 112.1 22.7 123.2 30.5 126.0f 30.9 110.4 27.3
118.0] 407.6 | 468 11.4 1548 38.0 104.1 25.5 113.3] 278 115.5 28.3 102.1 25.0
124.5| 414.2 | 464 11.2 164.9 | 39.8 113.4 27.4 122.9 28.7 126.4 30.3 1111 26.8
1325] 421.2 | 464 11.0 180.9 | 429 122.6 29.1 1325 31.5 136.3 32.1 120.1 28.%
1425] 4286 | 464 10.8 1965 | 45.6 1306 | 305 140.9 32.9 143.9 33.6 127.9 29.8
152.5] 434.9 | 464 10.7 193.0 | 444 126.5 29.1 136.7 31.4 139.8 | 32.2 123.7 28.4
172.5] 445.1 46.4 10.4 188.5 | 42.3 1234 27.7 133.3| 30.0 136.6 | 30.7 120.4 27.4
192.5] 453.1 46.4 10.2 151.7 23.5 97.9 21.6 106.3 235 109.8 24.2 94.8 20.9
212.5| 459.7 | 464 10.1 92.9 20.2 60.1 13.1 65.8 14.3 69.3 15.1 56.9 12.4
232.5| 465.3 | 464 10.0 -8.0 ——aee -3.2 | e YA 1.4 0.3 -6.4 aaee
25051 469.7 | 464 9.9 -108.8] - -62.8 aeee -66.6 —eeee -63.0 o -65.9 e
25051 469.7 | - e -123.5 e 7741 - -81.2 ] - -77.7 oo -80.6 B
o Elemont 993
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at 172.5 days after the start of construction the maximum stress is 259.0 psi
and is only at 56.0 percent of the allowable stress. Even for load case 2
which contains no creep and shrinkage, the maximum stress of 272.8 psi at
182.5 days is only 58.6 percent of the allowable stress. Based on the figures
and tables, the stresses are not critical and do not indicate that cracking of
the structure is imminent.

163. To validate the results of the Phase I study with respect to
requirements in ETL 1110-2-324, comparisons of results from Phase 1 were com-
pared to results from Phase II. Comparison of the two sets of results showed
that the results from Phase I fell within the bounding analyses performed in
Phase II. One such comparison is shown in Figure 175. In this figure, the
time history of horizontal stress from Phase I is plotted for element 763
versus load cases from Phase II. Load cases 3 and 4 were deleted so that the
curve from Phase I could be clearly seen. As can be seen in Figure 175, the
curve from the Phase I study falls between the upper- and lower- bound curves
(load cases 5 and 6) from the Phase II study. The close proximity of the
curves indicates that results from Phase I would not change dramatically.

164. Figures 176 through 181 are plots of horizontal stress distribu-
tion through the base slab of the lock at two locations. Figures 176 and 177
are plotted at 172.5 days after start of construction at which time the
stresses in the slab have reached the maximum. If these stress distributions
were converted into a resultant axial force and bending moment, it can be
seen, particularly in Figure 176 for the section near the center of the lock,
that the cases which include temperature effects would produce resultant
forces and moments significantly larger than those for the gravity only case
(load case 1).

165. Figures 178 and 179 are horizontal stress distribution plots at
250.5 days and just prior to the placement of service loads. For this partic-
ular time in the analysis, the magnitude of the resultant axial forces and
bending moments differ only slightly from the gravity-only case to the cases
containing thermal effects. The fact that the distributions are so similar
can be attributed to the temperature rise which occurs and causes the tempera-
ture of the structure to approach its original condition. This, in turn,
minimizes the stresses due to thermal effects. Since the temperatures in the
structure at 250.5 days are beginning to approach the temperatures at which

the structure was placed, the stresses due to thermal loads are getting very
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Figure 175. Phase I and II horizontal stresses, element 763, point 1

226




HORIZONTAL STRESS DISTRIBUTION
SECTION 3, DAY 173, MIXTURE 6

1501
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Figure 176. Stress distribution at floor section 3, day 173, no
service load included
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Figure 178. Stress distributions at floor section 3, day 250, no

service load included
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HORIZONTAL STRESS DISTRIBUTION
SECTION 5, DAY 250, MIXTURE 6
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Figure 179. Stress distribution at floor section 5, day 250, no service
load included
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HORIZONTAL STRESS OISTRIBUTION
SECTION 3, DAY 250, MIXTURE 6
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Figure 180. Stress distributions at floor section 3, day 250, service

load included
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Figure 181, Stress distributions at floor section 5, day 250, service
load included
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low and the total stress at this point in time is due primarily to gravity
loads.

166. Figures 180 and 181 are horizontal stress distribution plots in
which service loads have now been applied. Comparing Figures 178 and 180,
distributions at the center of the base slab before and after secrvice loads
are applied, the change in the distribution is very small despite the addi-
tional service loads. In comparing Figures 179 and 181 however, distributions
near the land wall before and after service load application, there is a sig-
nificant increase in the magnitude resultant axial force and bending moment
upon the introduction of the service loads. This is the result of the combi-
nation of two effects. First, because the uplift is a considerably larger
load than the resultant of the remainder of the service load forces, there is
a reverse in the bending effect acting on the structure. Secondly, due to the
stiffness of the walls, the slab between the two walls behaves very much like
a fixed beam. The fixed-beam action creates a situation where the moment due
to the service loads will be larger near the wall than at the center of the
slab, and the direction of bending from the uplift will create tensile
stresses in the top of the slab at the wall and negative stresses in the top
of the slab near the center.

167. Also included in Figures 176 through 181 is a plot of the hori-
zontal stress distribution of a gravity turn on analysis, designated as the
static case. This case is similar to what is done in a design office when
performing a finite element analysis. As can be seen in each of the Fig-
ures 176 through 179, the distribution for the static case, due to dead weight
of the structure only, differs slightly from the distribution for load case 1
which is the incrementally constructed model which neglects creep, shrinkage,
and thermal effects. The static case in Figures 180 and 181 includes service
loads. Comparison of the static case and load case 1 in Figures 176 through
179 indicates that due to the incremental construction process alone, a change
in the stress state occurs. It is anticipated that this difference can be
attributed to the locked-in stresses, resulting from the incremental construc-
tion, causing a redistribution of stress.

168. Figures 182 through 186 are contour plots of the horizontal
stresses at a point in time when the stresses are near the maximum. As can be
seen in the figures, the plots are very similar from load case to load case.
Each plot shows how the stress gradient through the slab is fairly constant

except near the walls and that the stresses within the walls are minimal
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Figure 187. Displaced shape at 30 days, load case 5

U

MAG. FACTOR = +5.0£401
SOLID LINES ~ DISPLACED MESH
DASHED LINES ~ ORIGINAL MESH

DR

LEL

_3
o=

OLMSTED, STRIP METHOD, JUNE 20 START. PL STRS. L119

TIME COMPLETED TH THIS STES  +4.000£+01 TOTAL ACOUMALATED TINE 3. 729002 @ STEP 831 INCREMENT 20

Figure 188. Displaced shape at 120 days, load case 5
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Figure 189. Displaced shape at 173 days, load case 5
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Displaced shape at 250 days, load case 5
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except near the corners of the culvert. While the gradient within the slab is
fairly constant, the effects of the model not being completely symmetrical
about the lock center line can be seen by the slight dips in the contour lines
which occur at about one-third of the distance within the chamber from the
middle wall.

169. Finally, displaced shapes for the worst case are shown in Fig-
ures 187 through 190. These displaced shapes are for load case 5 at 30,
119.5, 172.5, and 250.5 days after the start of construction and are plotted
at a magnification of 50. Through close examination of Figure 189, the bend-
ing of the slab which produces the tensile stresses in the top of the slab can
be seen. Discontinuities at the lift lines is a result of the manner in which
the model was constructed. New lifts are placed in a stress-free state and in
their defined configuration. Since the lift below a newly placed lift has
already deformed, a discontinuity exists when the new lift is placed. This
discontinuity is retained throughout the analysis by specifications made in

the input data.

Conclusions

170. An important conclusion to be drawn from the fact that for both
mixtures 6 and 11 the results from Phase I were enveloped by the results of
Phase II. Therefore, the Phase I results are validated for the wvariation in
material properties as modeled in Phase II, and it can be concluded that the
monolith is constructable under the conditions assumed for these analyses.

171. The stresses obtained in the Phase II analyses were significantly
below the allowable tensile stresses specified in ETL 1110-2-324 (Head-
quarters, Department of the Army, 1990) . The maximum stress obtained out of
the 10 analyses performed was less than ¢’ percent of the ETL 1110-2-324
allowable, indicating that cracking of the structure in the cross-sectional
plane is not a problem.

172, The bounding analyses performed in the Phase II study also showed
that the changes in the creep compliance and shrinkage curves due to factoring
do not produce comparable percentage changes in the stresses. Although dif-
ferences in stresses from one load case to the next were small, the control-
ling load case for hoth mixtures was locad case 5, minimum creep and maximum

shrinkage.
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173. Even though factoring of creep and shrinkage did not produce sig-
nificant changes in stresses, it should be noted that decreases in the creep
compliance produced increases in the magnitude of tensile stresses. Close
examination of time-history plots indicated that creep had a more significant
change on resulting stresses than shrinkage.

174. The results from Phase II showed the tensile stresses within the
structure are primarily temperature related and are being driven by the ambi-
ent air conditions at late times. This was particularly evident in the base
slab where stresses at the top of the slab continued to rise for 2 months
after the last lift was placed, eliminating the placement of concrete in the
walls as a reason for these stresses. As a result of the stresses being
driven by ambient temperatures, a cycling of the stresses with respect to time
can be seen in the time-history plots; and, therefore, the stresses within the
structure will never stabilize.

175. Comparisons of the gravity only load case to the cases containing
the effects of temperature show significant differences in the structural
response. These comparisons also show that, for the concret~ mixtures used,
gravity load is not the major contributor to the maximum tensile stresses.

176. As stated in the Phase I conclusions, the analyses performed pro-
vide valid results for an early summer construction start, the mixtures speci-
fied, and the geometries used. <Changes to these parameters may require
additional analyses to be performed.

177. Finally, it should be mentioned that reinforcing steel is not
considered in this NISA study. Generally, reinforcement steel tends to pro-
vide strength, stability, and ductility at a section should a crack occur.
Also, reinforcement steel tends to more evenly distribute cracks should they
occur. However, the inclusion of reinforcing steel in the analysis will have
minimal effect on the stresses as long as no cracking occurs. When interpret-
ing and evaluating the results of the NISA study, it is important to remember

the general conservatism in the assumption of no reinforcing steel.

Recommendations
178. Based on the conditions assumed for the analyses performed, the

construction scheme used, with 54-ft long monoliths and no vertical construc-

tion joints, appears to be constructable.
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179. Since some concrete is likely to be placed at times outside the
time frame of these analyses, at least one analysis should be made using a
late fall or early winter start of placement.

180. Since tensile stresses in the floor are primarily due to long-
term temperature changes rather than heat rise during hydration of the cemen-
titious materials, the requirement of a 60 °F placement temperature in the
floor may not be necessary. Using a higher placement temperature would result
in a cost saﬁings for the USAED, Louisville, and should be investigated.

181. Since load case 5 (see Table 14) provided the worst case for both
mixtures, it is recommended that load case 5 be used in performing any addi-
tional analyses. This would ensure that conservative results would be

obtained.
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